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HYDRAULIC STRUCTURES: USEFUL WATER HARVESTING SYSTEMS OR 
RELICS? FOREWORD / PRÉFACE 
by Robert JANSSEN and Hubert CHANSON 
 
Throughout the ages, the construction of hydraulic structures has supported the development of 
human civilisation.  Around 3000 BC, masonry dams on the Nile provided irrigation water in 
Egypt, while in Mesopotamia canals were built for irrigation, draining swamps and transportation 
[2, 3, 5]. The 18th and 19th centuries saw the rapid development of water supply systems in 
response to the industrial development and the needs for reliable water supply [4, 7, 8] (Fig. 1 & 2). 
More recently, the 1940s to 1970s saw a worldwide boom in large water projects, mainly for 
consumption, irrigation, transport, hydropower and flood protection [3]. For example, the California 
Central Valley Project, built between 1933 and 1970, provides irrigation water to over 1.2 million 
hectares and generates over 1 million kW of power [3]. The rate of construction of new water 
projects in Europe and North America has dropped during the last few decades, and many of the 
original water harvesting system mega projects are now near, or even past, their original intended 
design lives. The question therefore arises whether the existing systems are redundant relics from 
the past that have reached their sell-by date, or do they still have an important role to play in 
modern society? 
In the future, water scarcity may become the single most important development problem faced by 
mankind. The rate of increase in water use outstrips the rate of population growth, and as global 
population grows from 6 billion to 9 billion people by 2050 as estimated, the total water use is 
estimated to increase from about 5,500 km3/year to 25,000 km3/year [6]. To meet this demand, 
some innovative approaches to design, construction and operation of water harvesting systems are 
therefore needed.  In fact, VEIGA DA CUNHA [6] observed that there is a belief that there will be 
greater changes in how we manage our limited water resources during the next 20 years than there 
have been in the last 2,000 years. 
The high level of activity, even at a junior engineer and researcher level, in scientific meetings on 
hydraulic structures demonstrates that water harvesting systems are highly relevant to modern day 
needs. In these proceedings, the topics presented are driven by an urgent demand for practical 
solutions to real-world problems involving design, construction, maintenance and operation of 
systems for water management and water harvesting. It is clear that the demands on hydraulic 
structures are now imposed by a wide range of stakeholders, and the papers contained herein cover 
applications including flood protection, stormwater management, navigation, industrial water 
consumption, infrastructure, and energy dissipation. 
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Fig. 1 - The Paty dam (Barrage du Paty) in Caromb (France) in 1994 (Photograph H. CHANSON) - 
Gravity dam completed in 1766 in the Lauron valley 
 
 
 
Fig. 2 - Goulburn weir (Australia) on 30 Jan. 2000 (Photograph H. CHANSON) - Flow rate: Q = 
5.2 m3/s, Step height: h = 0.5 m - Gravity overflow weir completed in 1891 on the Goulburn River 
(Victoria) 
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The First and Second International Junior Researcher and Engineer Workshops on Hydraulic 
Structures were organised by the IAHR Hydraulic Structures Technical Committee, jointly with the 
Instituto Superior Técnico (IST) and the Portuguese Water Resources Association (APRH) in 2006, 
and with the University of Pisa (Italy) in 2008. The growing success of this series of events led to 
the organisation of the Third International Junior Researcher and Engineer Workshop on Hydraulic 
Structures (IJREWHS'10) (Fig. 3 and 4). The IJREWHS'10 was held in Edinburgh, Scotland, on 2-3 
May 2010. A half-day technical tour included the visit to Glenkinchie distillery and the "Falkirk 
Wheel" boat lift (Fig. 5). 
The IJREWHS'10 workshop addressed both conventional and innovative aspects of hydraulic 
structures, their design, operation, rehabilitation and interactions with the environment. The 
workshop provided an opportunity for young researchers and engineers, typically post-graduate 
students, but also young researchers and engineers in both public and private sectors, to present 
ideas, plans, and preliminary results of their own research in an inspiring, friendly, co-operative, 
and non-competitive environment. The event was attended by 20 junior participants and by a 
number of national and international experts from consultancy and research in hydraulic 
engineering (Fig. 3 and 4). In total 17 lectures were presented including 2 keynotes, representing a 
total of 7 countries, namely Belgium, Germany, Italy, France, Latvia, Portugal, and the United 
States of America. 
Dr Frédéric MURZYN (ESTACA, France) presented a keynote lecture on the hydraulic jumps. He 
highlighted a range of experimental techniques for the investigation of aerated, chaotic flow 
patterns in the transition from supercritical to subcritical flows. A comparison of physical data 
obtained by use of classical and modern, intrusive and non-intrusive measuring devices was 
presented. The second invited lecture was given by Prof. Jorge MATOS (IST Lisbon, Portugal), on 
the state of the art in stepped spillway hydraulics. Prof. MATOS summarised past research 
activities and resulting design approaches, and he pointed out the needs for further research for a 
safe operation of stepped spillways. 
During the workshop, the junior participants themselves chaired sessions, played the role of 
"advocatus diaboli" (devil's advocate) and prepared the reports for all sessions to identify key 
scientific elements and pending questions (Fig, 4). The active involvement in the workshop 
organisation and management is considered a main feature of the International Junior Researcher 
and Engineer Workshops on Hydraulic Structures series. In order to help junior participants in these 
tasks, specific guidelines were provided. Another interesting feature of the workshop was the 
presence of engineering consultants and research experts, with the aim to stimulate the debate 
during the presentations, between junior and senior participants, as well as during the subsequent 
round table discussion (Fig. 4D). 
The publication of the workshop papers marked the successful conclusion of this event. The 
proceedings were edited by two active members of the Hydraulic Structures Technical Committee, 
including the Committee Chair. They contains 15 papers including a keynote lecture paper 
involving 37 authors from 6 countries and 2 continents, plus 6 session reports and 9 pages of 
photographs of hydraulic structures from around the world, in addition to the photographs of the 
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workshop and of the technical visit (Fig, 3 to 5). Each paper was peer-reviewed by a minimum of 
two experts. The discussion reports were included for the benefit of the readers. 
The proceedings regroup a keynote lecture paper on the hydraulic jump flow phenomenon, 8 
technical papers dealing with the design of hydraulic structures and their physical modelling, 3 
papers discussing the interactions between sediment processes and hydraulic structures, and 3 
papers related to the numerical modelling of open channel flows. These are followed by 6 
discussions reports.  
Innovative designs for overflow weirs are presented in two papers. An improved understanding of 
performance of existing hydraulic structures is discussed in several papers on flow characteristics 
and hydrodynamics along and downstream of spillways. The requirement for water in industrial 
applications is addressed by papers on optimization of applied designs for navigation, hydropower 
and cooling water intakes. As human development encroaches further on the natural water systems, 
the interaction between hydraulic structures and nature, and minimization of the potential impacts 
of structures on natural river processes, is presented in the papers on bridge pier scour. Finally, the 
use of computer programs to assist in studying, understanding and designing of water related 
infrastructures is addressed in three papers on numerical modeling techniques. 
The full bibliographic reference of the workshop proceedings is: 
 JANSSEN, R., and CHANSON, H. (2010). "Hydraulic Structures: Useful Water Harvesting 
Systems or Relics?" Proceedings of the Third International Junior Researcher and Engineer 
Workshop on Hydraulic Structures (IJREWHS'10), 2-3 May 2010, Edinburgh, Scotland, R. 
JANSSEN and H. CHANSON (Eds), Hydraulic Model Report CH80/10, School of Civil 
Engineering, The University of Queensland, Brisbane, Australia, 211 pages (ISBN 
9781742720159). 
Each paper of the proceedings book must be referenced as, for example: 
 MURZYN, F. (2010). "Assessment of Different Experimental Techniques to Investigate the 
Hydraulic Jump: Do They Lead to the Same Results?" in "Hydraulic Structures: Useful Water 
Harvesting Systems or Relics?", Proceedings of the Third International Junior Researcher and 
Engineer Workshop on Hydraulic Structures (IJREWHS'10), 2-3 May 2010, Edinburgh, 
Scotland, R. JANSSEN and H. CHANSON (Eds), Hydraulic Model Report CH80/10, School of 
Civil Engineering, The University of Queensland, Brisbane, Australia, pp. 3-36 (ISBN 
9781742720159). 
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Fig. 3 - Attendees of the 3rd International Junior Researcher and Engineer Workshop on Hydraulic 
Structures (Courtesy Mario OERTEL) 
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Fig. 4 - Lectures and round tables at the 3rd International Junior Researcher and Engineer 
Workshop on Hydraulic Structures (Courtesy Aysha AKTER) 
(A) Keynote lecture by Professor Jorge MATOS 
 
 
(B) Keynote lecture by Dr Frédéric MURZYN 
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(C) Oral presentation 
 
 
(D) Round table discussion 
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Fig. 5 - Field Trip to "Falkirk Wheel" boat lift 
(A) General view (Courtesy of Daniel BUNG) 
 
 
(B) Details (Courtesy of Aysha AKTER) 
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ASSESSMENT OF DIFFERENT EXPERIMENTAL TECHNIQUES TO INVESTIGATE 
THE HYDRAULIC JUMP: DO THEY LEAD TO THE SAME RESULTS? 
 
Frédéric MURZYN 
ESTACA Campus Ouest, France, frederic.murzyn@estaca.fr 
 
Abstract: In this keynote lecture, different results concerning two-phase flow and free surface 
properties in the hydraulic jump are presented for a wide range of Froude numbers. Measurements 
were conducted at the Universities of Southampton (UK) and Queensland (Australia) with different 
experimental techniques. For air/water flow characteristics, optical fibre probes and conductivity 
probes were used which are particularly well-suited for these investigations. We used wire gauges 
and acoustic displacement meters to investigate the free surface motion. On the one hand, we show 
in particular typical shapes for void fraction (C) and bubble frequency (F) vertical profiles from 
which we clearly identify two distinct regions within the hydraulic jump with a well-defined 
boundary (y*). The first region called the turbulent shear layer develops in the lower part of the 
flow. In this region, C satisfies a diffusion equation with a Gaussian distribution. In the second 
region called the free surface upper layer, strongly dominated by the free surface motion and 
interfacial aeration, C follows a profile defined by an error function. Results concerning the 
maximum void fraction (Cmax), maximum bubble frequency (Fmax) or bubble size are exposed 
depending on the relative distance to the toe and Froude numbers as well as some turbulent 
characteristics showing similar behavior proving that both techniques are highly accurate. On the 
other hand, mean and turbulent free surface profiles, roller lengths, free surface length and time 
scales, dominant frequencies are presented depicting strong agreements between both techniques. A 
comparative analysis between conductivity probes and acoustic displacement meters allows us to 
clearly identify the exact level detected by the acoustics sensors which is then compared to y* 
showing their accuracy. In the last part, some scale effects are pointed out and future investigations 
are discussed depicting some difficulties we have to face to improve our knowledge on such flows. 
 
Keywords: Hydraulic jump, Experimental techniques, Free-surface, Air-water flow 
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INTRODUCTION 
The hydraulic jump is a sudden transition from a supercritical open-channel flow regime to a 
subcritical regime. It often occurs in bedrock rivers, canals, downstream of spillways (Fig. 1), weir 
or in oceans. In nature, it is mainly used as an energy dissipater whose efficiency is directly linked 
to the strength of the jump. The main parameter characterizing the hydraulic jump is the Froude 
number (Fr). Nevertheless, Reynolds number (Re) can also be of interest for similitude and scale 
effect purposes. These dimensionless numbers are given according to relations (1) and (2). The head 
loss (ΔH) is given by equation (3). For the hydraulic jumps, Fr is always greater than 1 and air 
entrainment starts for Fr < 1.4 while the amount of entrained air increases with Fr.  
1
1
gd
U
Fr =              (1) 
υ=
11dURe              (2) 
( )
21
3
12
dd4
ddH −=Δ             (3) 
where U1 is the mean inflow velocity (m/s), d1 the inflow depth (m), d2 the downstream flow depth 
(m), g the gravity constant (m/s2) and υ the kinematic viscosity of water (m2/s). 
 
Figure 1. - Hydraulic jump downstream of a spillway. Courtesy of John Rémi (from Murzyn and 
Chanson 2009b). 
 
 
For cost and efficiency reasons, the length of jump must be as short as possible and head loss as 
high as possible. According to some assumptions regarding the bottom boundary layer and the 
Froude number for instance, the hydraulic jump may be considered as a steady spilling breaker. It is 
then believed to provide a simplified description of complicated processes occurring on sloping 
beaches when waves break (Fig. 2). Most importantly, the local flow of the so-called quasi-steady 
spilling breaker may be modelled in the decelerating shear layer flow below the free surface. For 
Misra et al. (2005), this is particularly true for low Froude numbers (Fr < 1.3). Note that in this 
case, optical devices such as PIV or LDV are relevant because of the low local void fraction. Spatial 
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and temporal intermittency of the flow can be put in evidence as well as the wide range of 
turbulence length and time scales (Lennon and Hill 2006, Misra et al. 2005). 
 
Figure 2. - Wave breaking (plunging breaker) in Normandy - Côte d’Albâtre (Courtesy of Frédéric 
Malandain). 
 
 
Figure 3. - Tidal bore of the Garonne River (Courtesy of Hubert Chanson). 
 
 
Figure 4. - Undular tidal bore of the Dordogne River (Courtesy of Hubert Chanson). 
 
 
In environmental flows, hydraulic jumps have also strong similarities with positive surges and bores 
(Fig. 3 and 4). The positive surge results from a sudden change in flow that leads to an increase of 
the flow depth (Chanson 2008, Koch and Chanson 2009). This often happens when a partial or total 
closure of a gate occurs on a river for safety reasons for instance. Another form of a positive bore is 
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the tidal bore. It occurs in typical estuaries such as in the Garonne River (France), the Sélune River 
(France) or Amazon River (Brazil). This phenomenon is mainly due to natural causes such as the 
attractions of the Moon and the Sun while natural parameters are needed as well, such as a typical 
shape of the river mouth and large tidal amplitude (Chanson 2010). 
Regarding similitude between bore and spilling breaker, Peregrine (1983) reduces the difference 
between them to the size of a turbulent region. For a spilling breaker, the turbulent region occupies 
part of the crest and the whole front face for a bore. 
Hydraulic jumps (tidal bores and positive surges as well) satisfy continuity and momentum 
principles expressed as equations (4) and (5) respectively: 
2211 dVdU =              (4) ( )1Fr81
2
1
d
d 2
1
2 −+=             (5) 
where d1 and d2 are the inflow depth (m) at the impingement point and the downstream flow depth 
(m) far from the toe respectively, U1 is the inflow velocity, Fr the Froude number and V2 is the 
downstream flow velocity (m/s). Equation (5) is known as the Bélanger equation. 
Note that for a tidal bore, the Froude number takes into account the upstream bore front velocity W 
(Chanson 2010) according to equation (6): 
1
bore gd
WUFr +=              (6) 
Depending on site characteristics (beach slope, shape of the estuary, tide amplitude…), tidal bore, 
positive surges and/or spilling breakers may have important consequences in terms of sediment 
transport (accretion and erosion) on beaches, turbulence generation, air/sea gas exchanges, 
surfactant transport, marine aerosol production and aquatic life. In environmental fluid mechanics, 
these phenomena are of primary interest and need to be better understood to avoid damages during 
floods or storms, for climate purposes or aquatic wild life protection. Thus, the hydraulic jump is 
really interesting, useful and practical. Generating hydraulic jumps in a channel is easy and cheap. 
Furthermore, this steady flow is a very good example of the interaction between strong turbulence 
and free surface with bubbles, splashes and droplets ejections above the flow due to violent 
motions. Multiple applications in river and coastal engineering are concerned, explaining why 
attention has been drawn to this flow either from experimental, theoretical or numerical points of 
view. A better understanding of mixing, diffusion and transfer processes, air/water gas exchanges is 
strongly dependant on our ability to investigate these two-phase flows. Figure 5 presents a sketch of 
the hydraulic jump with all relevant notations. 
Here, we are particularly focused on physical modelling to describe the flow properties. We aim at 
discussing different experimental techniques, their results and accuracy to investigate the air/water 
flow and the free surface. 
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Figure 5. - Sketch of a hydraulic jump with relevant notations (not to scale) 
 
Vena
contracta
Outer edge
of boundary
layer
y
Boundary
layer flow
Sluice
gate
Air-water
shear layer
Recirculation
region
δ
y
x
Impingement point
d
2
d
1
U
1
x
1  
 
The first experimental study has been conducted by Rajaratnam in 1962 and 1965. He was 
interested in void fraction and velocity measurements. Then, most significant contributions have 
been made by Resch and Leutheusser (1971, 1972), Resch et al. (1976a) and Resch et al. (1976b). 
They showed that under certain circumstances (no bottom friction, horizontal and rectangular 
channel, hydrostatic pressure upstream and downstream of the toe), the Bélanger equation (5) was 
satisfied. Furthermore, Resch and Leutheusser (1971) pointed out the influence of the inflow 
conditions (undeveloped, partially-developed or fully-developed) on the flow properties. In 
particular, they noticed that d2/d1 is greater for undeveloped inflow conditions than for developed 
inflow conditions. Lastly, for undeveloped inflow conditions, they mentioned that turbulence is 
mostly a “free turbulence” instead of a “wall turbulence”. In 1972, they used for the first time hot 
film probes to measure void fraction showing once again the influence of the inflow conditions. 
This has been confirmed by further experimental investigations (Resch et al. 1976a, Resch et al. 
1976b). In the past fifteen years, many experimental investigations have been performed using 
either conductivity probes by Chanson (1995a, 1995b, 1997, 1999, 2004, 2007a, 2007b, 2007c), 
Chanson and Brattberg (2000), Chanson and Montes (1995), Murzyn and Chanson (2007, 2008, 
2009a, 2009b, 2009c, 2009d), optical fibre probes by Murzyn et al. (2005) or other optical devices 
by Waniewski et al. (2001). Based on void fraction vertical profiles, they clearly identified two 
regions in the hydraulic jump: 
* An air-water shear layer in the lower part of the flow where the void fraction C should satisfy a 
diffusion equation of the form: 
⎟⎟⎠
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y
CD
yx
uC
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Cu            (7) 
where u is a representative horizontal velocity (m/s) and D a diffusion coefficient (m2/s). 
* A recirculating area located in the upper part of the flow where interfacial aeration dominates. In 
the region, Brattberg et al. (1998) found that C follows an error function form (8). Same results 
were found by Murzyn et al (2005) for different Fr. 
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where C = 0.5 at y = yC50 and 1→C  when ∞→y . 
The boundary between these two regions is found at a certain height (y*) above the bottom and 
well-defined from the void fraction measurements. 
 
Figure 6. - Bubble ejection above the jump (Fr = 8.5). Flow from bottom (foreground) to top 
(background) 
 
 
In the past fifteen years, many experimental investigations have been performed using either 
conductivity probes (Chanson 1997, Chanson and Brattberg 2000, Murzyn and Chanson 2007, 
2008, 2009a, 2009b, 2009c, 2009d) or optical fibre probe (Murzyn et al. 2005). They led to better 
description of the two-phase flow structure. Particularly, they showed that: 
 At a given cross section, the maximum void fraction (Cmax) increases with Fr; 
 At a given Froude number, Cmax decays with the relative distance to the toe (x-x1)/d1; 
 At a given cross section, the maximum bubble frequency (Fmax) increases with Fr; 
 At a given Froude number, Fmax decreases with the relative distance to the toe (x-x1)/d1; 
 At a given cross section, a second peak is found in a vertical profile of bubble frequency 
above the first one with lower values; 
 The relative position of the maximum bubble frequency (yFmax/d1) is always closer to the 
bottom than the relative position of the maximum void fraction (yCmax/d1); 
 The relative position of the boundary between the turbulent shear layer and the free surface 
upper layer (y*/d1) increases with the relative distance to the toe (x-x1)/d1; 
 At a given cross section, the mean bubble chord length (also Sauter mean diameter) 
increases with the distance to the bottom; 
 The turbulent shear layer is an active region in terms of turbulence intensity whereas the 
recirculation region is characterized by strong interactions between turbulence and the free surface 
with bubble and droplets ejections (Fig. 6); 
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 For a given Froude number, some drastic scale effects are found concerning C and F 
depending on the Reynolds number (Murzyn and Chanson 2008) showing that dynamic similarity 
can not be fully achieved. 
Although conductivity and optical fibre probes are intrusive, they brought new important and 
accurate results with minimum flow disturbances (Murzyn et al. 2005). Nevertheless, in the last 
decade, some researchers have tried to investigate the flow using non intrusive optical techniques 
such as PIV or LDV (Liu et al 2004, Lennon and Hill 2006). The main goal of their studies was to 
describe the velocity and turbulent fields within the jump. Lastly, Mignot and Cienfuegos (2010) 
used micro ADV to investigate energy dissipation and turbulence production. The main limit of 
these experiments is the presence of air bubble in the flow which may affect the output signals 
making measurements not relevant for larger Froude numbers (Fr > 2), but also the relatively large 
sensor size. Nevertheless, when air entrainment is low (Fr < 2), some measurements are achievable 
(Liu et al. 2004, Lennon and Hill 2006, Mignot and Cienfuegos 2010). Lennon and Hill (2006) 
measured velocity and vorticity fields as well as boundary shear stress in undular and weak 
hydraulic jumps (1.4 < Fr < 3). They particularly pointed out that the maximum turbulence 
intensities are found in the upper part of the flow as flow visualizations tend to indicate (Mossa and 
Tolve 1998). Mignot and Cienfuegos (2010) demonstrated the influence of the inflow conditions on 
energy dissipation and turbulent production as previously supposed by Resch and Leutheusser 
(1971). 
In the last five years, new experimental investigations have tried to depict free surface motion in 
hydraulic jumps using either intrusive wire gauges (Mouazé et al. 2005, Murzyn et al. 2007), or non 
intrusive acoustic displacements meters (Kucukali and Chanson 2007, Murzyn and Chanson 2007, 
2009). Mouazé et al. (2005) and Murzyn et al. (2007) demonstrated that homemade wire gauges 
with frequency resolution up to 12 Hz gave interesting results. Indeed, mean and turbulent free 
surface profiles were successfully obtained allowing determination of roller length (Lr), free surface 
length and time scales. The same kind of results was found for different Fr with acoustic 
displacement meters by Kucukali and Chanson (2007) and Murzyn and Chanson (2007). Main free 
surface frequencies were also found below 4 Hz. Furthermore, they have all detected a peak of free 
surface turbulence intensity in the first half of the roller where most of the bubbles and droplets are 
ejected. 
In the present keynote lecture, we aim to discuss different experimental investigations undertaken at 
the Universities of Southampton (UK) and Brisbane (Australia) with different experimental 
techniques. The goal is to summarize most of the above mentioned results. We compare and discuss 
the accuracy of these experimental techniques for both air-water and free surface properties. 
Hereafter, suggestions for further investigations are proposed that will be helpful to improve our 
knowledge on the fascinating but still poorly understood hydraulic jump. In the next part, the 
experimental set up, the instrumentation and the data acquisition conditions are presented. Then, 
results on two-phase flow properties are presented followed by a description of the free surface 
main characteristics. Finally, conclusions are exposed and future possible investigations are 
suggested. 
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EXPERIMENTAL SETUP AND INSTRUMENTATION 
Experimental data was obtained from two distinct experimental campaigns in different facilities. 
The first one was undertaken at the University of Southampton (UK) while the second one was 
conducted at the University of Queensland (Australia). Thus, two channels were used: 
 In Southampton, experiments were performed in a 12 m long horizontal recirculating glass-
sided channel. The channel cross section is 0.3 m wide and 0.4 m high (Fig. 7). The bottom is flat 
and smooth. The hydraulic jump is formed downstream of a vertical sluice gate. At the downstream 
end of the channel, a weir is also present and allows a good control on the jump toe position. This is 
important for the definition of the inflow conditions which are considered as partially-developed. 
Furthermore, control on flow rate ensures stability of the toe which was sometimes improved by 
placing a 10 mm square bar across the floor downstream of the toe; 
 In Brisbane, experiments were performed in a horizontal rectangular flume at the Gordon 
McKay Hydraulics Laboratory. The channel width was 0.5 m, the sidewall height and flume length 
were respectively 0.45 m and 3.2 m. Sidewalls are made of glass and the channel bed was PVC 
(smooth). The inflow conditions were controlled by a vertical sluice gate with a semi-circular 
rounded shape ensuring partially developed inflow conditions. 
 
Figure 7. - Horizontal recirculating glass-sided channel in Southampton. Flow from right to left. 
 
 
The air-water flow measurements were made using different techniques: 
 In Southampton, an RBI dual-tip probe optical phase-detection was used (Fig. 8). Each of 
the two parallel 10 μm diameter optical fibres, 1 mm apart, scans the flow and detects if it is 
immersed in water or air. The fibre extends 5 mm beyond the ends of 25 mm long, 0.8 mm diameter 
cylindrical supports. The settling time of each channel is less than 1 μs. Data was sampled at a rate 
up to 1 MHz. At each point, data collection lasted 2 minutes. The small size of the probe ensures 
that the effect of the upstream probe on the downstream one can be neglected (Murzyn et al. 2005); 
 In Brisbane, a double-tip conductivity probe manufactured at the University of Queensland 
was used (Fig. 9). It was equipped with two identical sensors with an inner diameter of 0.25 mm. 
The distance between the two tips was Δx = 7 mm. This kind of sensor is a phase detection intrusive 
probe designed to pierce bubbles. It is based on the difference in electrical resistance between air 
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and water. The response time of the probe was less than 10 μs. During measurements, each probe 
was sampled at 20 kHz during 45 seconds. 
Several vertical profiles were recorded at different relative distance downstream of the toe. 
For free surface measurements, two different techniques were used: 
 In Southampton, water depths were measured with a homemade miniature resistive wire 
gauge comprising two parallel 50 μm vertical wire separated by 1 mm (Fig. 10) with a resolution 
less than 1 mm and providing a linear output. Sampling rate was fixed at 128 Hz and data collection 
lasted 5 seconds (Mouazé et al. 2004, Mouazé et al. 2005, Murzyn et al. 2007); 
 In Brisbane, the free surface was recorded using six acoustic displacement meters (Fig. 11) 
with an accuracy of 0.18 mm in space and less than 70 ms in time. They were mounted above the 
flow at fixed locations and they scanned downward the air-water flow interface over the jump 
length. Each probe signal output was scanned at 50 Hz for 10 minutes. 
The free surface profiles were recorded over the whole length of the jump for complete description. 
 
Figure 8. - RBI dual-tip optical fibre probe used in Southampton. The 10 microns diameter optical 
fibres are in the red circle 
 
 
Figure 9. - Dual-tip conductivity probe used in Brisbane. Flow from right to left. 
 
 
In both locations, videos and photographs have been made for comparisons and checks. For more 
details, one can refer to Murzyn et al. (2005) and Murzyn and Chanson (2007).  
Table 1 summarizes all experimental conditions. Here, x denotes the flow direction and y is the 
vertical direction, positive upward according to figure 1. 
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Figure 10. - Homemade wire gauge in Southampton (wire at the end of the red arrow) 
 
 
Figure 11. - Six acoustic displacement meters in Brisbane (in red circles). Flow from left to right. 
 
 
Table 1. - Experimental conditions in Southampton and Brisbane (*, free surface measurement, 1, 
two-phase flow measurement). 
Site U (m/s) Fr d1 (m) (x-x1)/d1 
1.26 1.89*,1 0.045 1.11 to 7.78 
1.50 1.98*,1 0.059 0.85 to 5.93 
1.14 2.13*,1 0.029 2.76 to 6.90 
1.64 2.43*,1 0.046 2.17 to 
10.87 
2.05 3.65*,1 0.032 3.75 to 25 So
ut
ha
m
pt
on
 
2.19 4.82*,1 0.021 5.71 to 38.1 
1.32 3.1* 0.018 -11.1 to 58.9 
1.77 4.2* 0.018 -11.1 to 58.9 
2.12 5.11 0.018 4.17 to 12.5 
2.21 5.3* 0.018 -11.1 to 58.9 
2.70 6.4* 0.018 -11.1 to 58.9 
3.17 7.61 0.018 12.5 to 25 
3.47 8.31 0.018 12.5 to 33.3 
B
ris
ba
ne
 
3.56 8.5* 0.018 -11.1 to 58.9 
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RESULTS AND DISCUSSION 
Two-phase flow properties: optical fibre probe vs conductivity probes 
Firstly, we present for illustration two photographs of the hydraulic jumps corresponding to two 
different experimental conditions. Figure 12 shows the hydraulic jump for Fr = 4.82 at the 
University of Southampton. The sluice gate is on the left and the flow develops from left to right. 
The length of one sided glass is 1 m. In figure 13, the hydraulic jump at the University of 
Queensland is shown for Fr = 8.5. The width of the channel is 0.5 m and the distance between the 
sluice gate and the toe is 0.75 m. Flow is from right to left. The double-tip conductivity probe is 
above the jump in the middle of the picture. The white colour of the water in the roller is due to the 
amount of air entrained from the toe. 
The first experimental results are shown from figures 14 to 16. They concern void fraction for 
different Fr and different relative distance (x-x1)/d1. Figure 14 presents four typical vertical profile 
of void fraction obtained with the optical fibre probe at Southampton for Fr = 4.82 while figure 15 
shows four similar profiles measured with conductivity probes in Brisbane for Fr = 8.3. 
 
Figure 12. - Hydraulic jump for Fr = 4.82 in Southampton. Flow from left to right. 
 
 
Figure 13. - Hydraulic jump for Fr = 8.5 in Brisbane (shutter speed: 1/80 sec) Flow from right to 
left. 
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Figure 14. - Vertical profiles for void fraction (C) for Fr = 4.82 (from Murzyn et al. 2005) 
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Figure 15. - Vertical profiles for void fraction (C)  for Fr = 8.3 (from Murzyn and Chanson 2007). 
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Both figures exhibit similar shapes. On the bottom of the channel (y/d1 = 0), void fraction is zero. It 
increases when the relative distance y/d1 increases until a clearly marked peak at y = yCmax where C 
= Cmax. This maximum is always found in the turbulent shear layer. Then, a slight decrease is 
observed up to a certain distance (y*/d1) which defines the boundary between the turbulent shear 
layer and the upper free surface layer. The behaviour is particularly obvious for large Froude 
numbers (see Fig. 11 for (x-x1)/d1 = 12.5 or 16.67). Above y*/d1, void fraction rapidly increases up 
to 1 (100 %) which corresponds to air (out of the jump). From these preliminary results, other 
characteristics can be deduced. Figure 16 shows the maximum void fraction values (Cmax) for the 
whole experiments as a function of the relative distance to the toe. Murzyn et al. (2005) found that 
experimental data of Cmax as a function of the relative distance to the toe (x-x1)/d1 matched better 
with an exponential fit rather than a power law. The same trends were found by Murzyn and 
Chanson (2007) with a best fit given by equation (9): 
⎟⎟⎠
⎞
⎜⎜⎝
⎛ −−=
1
1
max d
xx064.0exp*Fr*07.0C   for (x-x1) > 0      (9) 
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Figure 16. - Maximum void fraction as a function of the relative distance to the toe (x-x1)/d1 for the 
whole experiments (from Murzyn et al. 2005 and Murzyn and Chanson 2007). 
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Figure 17. - Maximum void fraction for a given relative distance to the toe (x-x1)/d1 = 16 for 
different Froude numbers (from Murzyn et al. 2005 and Murzyn and Chanson 2007). Comparison 
with Chanson (2009).  
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Figure 18. - Relative position of the maximum void fraction as a function of the relative distance to 
the toe (x-x1)/d1 for the whole experiments (from Murzyn et al. 2005 and Murzyn and Chanson 
2007). Comparison with Chanson (2009). 
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Figure 19. - Relative position of the boundary between the turbulent shear layer and the upper free 
surface layer for different Froude numbers (from Murzyn et al. 2005 and Murzyn and Chanson 
2007). Comparison with Chanson (2009). 
(x-x1)/d1
y*/d1
0 10 20 30 40
0
2
4
6
8
Fr=5.1 (Brisbane)
Fr=7.6 (Brisbane)
Fr=8.3 (Brisbane)
y*/d1=1+0.2*(x-x1)/d1
Fr=5.14 (Chanson 2009)
Fr=7.47 (Chanson 2009)
Fr=9.21 (Chanson 2009)
Fr=10 (Chanson 2009)
Fr=11.2 (Chanson 2009)
 
On figure 17, Cmax is plotted at a given relative distance from the toe (x-x1)/d1 = 16 as a function of 
Fr while figure 18 represents the relative depth yCmax/d1 as a function of (x-x1)/d1. It confirms the 
linear influence of Fr on Cmax according to (9). The higher Fr is the higher Cmax is. Figure 18 depicts 
the linear dependence of yCmax/d1 with the relative distance to the toe. Note that the dispersion of the 
data is relatively low. Finally, from figure 15, the relative position y*/d1 of the boundary between 
the turbulent shear layer and the upper free surface layer can be estimated. Results are plotted on 
figure 19 for three different Fr as a function of the relative distance to the toe.  
The position of the boundary between the turbulent shear layer and the upper free surface layer 
increases with the distance to the toe. It is interesting to note that data scattering is also low. Here, 
we assume that y* = d1 at the foot of the toe. 
All these preliminary results are in agreement compared to previous experimental studies of 
Chanson and Brattberg (2000), Kucukali and Chanson (2007) and Murzyn et al. (2005). At this 
stage, it is then important to note that both optical fibre probes and conductivity probes are accurate 
to depict basic flow properties in two-phase turbulent free surface flows. Indeed, strong agreements 
are found between both techniques. Nevertheless, further investigations have been performed. 
We now present results concerning bubble frequency, bubble size, bubble velocity, turbulence 
intensity in the jump as well as dimensionless turbulent diffusivity coefficient. For some of them, 
results are only available for measurements made at the University of Queensland. Figures 20 and 
21 present vertical profiles of bubble frequency for Fr = 4.82 (Southampton) and Fr = 8.3 
(Brisbane). In figure 22, the maximum bubble frequency Fmax is plotted as a function of the relative 
distance to the toe for different Fr while the influence of Fr on Fmax at a given relative distance to 
the toe (x-x1)/d1 is shown on figure 23. 
Similar shapes were found for all experimental conditions. The vertical profiles of bubble frequency 
exhibit two distinct peaks. The first one (major) is found in the turbulent shear layer while the 
second one (minor) is found in the upper part of the flow close to the free surface. This confirms the 
previous conclusion stating that there is no noticeable influence of the experimental technique on 
the results but strong concordances.  
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Figure 20. - Vertical profiles for bubble frequency (F) for Fr = 4.82 (from Murzyn et al. 2005). 
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Figure 21. - Vertical profiles for bubble frequency (F) for Fr = 8.3 (from Murzyn and Chanson 
2007). 
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Figure 22. - Maximum bubble frequency as a function of the relative distance to the toe (x-x1)/d1 for 
the whole experiments (from Muryzn et al. 2005 and Murzyn and Chanson 2007). 
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Figure 23. - Maximum bubble frequency for a given relative distance to the toe (x-x1)/d1=16 for 
different Froude numbers (from Murzyn et al. 2005 and Murzyn and Chanson 2007). Comparison 
with Chanson (2009). 
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Figure 24. - Relative position of the maximum bubble frequency as a function of the relative 
distance to the toe (x-x1)/d1 for the whole experiments (from Murzyn et al. 2005 and Murzyn and 
Chanson 2007). Comparison with Chanson (2009). 
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Figure 22 shows that Fmax decreases with increasing the relative distance to the toe. Furthermore, at 
a given relative distance to the toe, Fmax increases with the Fr as presented on figure 23 for one 
experimental condition. 
Chanson and Brattberg (2000) found an empirical correlation for the dimensionless maximum 
bubble frequency given by equation (10): 
⎟⎟⎠
⎞
⎜⎜⎝
⎛ −−=
1
1
1
1max
d
xx0415.0exp*Fr*117.0
U
dF
       (10) 
The relative position of the maximum bubble frequency yFmax/d1 is shown on figure 24 as a function 
of the relative distance to the toe. It shows that yFmax/d1 linearly increases with the relative distance 
to the toe although some data scattering occurs. This behaviour is similar to results shown on figure 
14 for the relative position yCmax/d1. Nevertheless, the slope measured on figure 18 (0.087) is larger 
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than it is on figure 24 (0.06) showing that the position of the maximum bubble frequency (yFmax/d1) 
is always closer to the bottom than the position of the maximum void fraction yCmax/d1 (Fig. 25). 
Bubble sizes can be characterized in terms of Sauter mean diameter. This typical size is deduced for 
the output signals of optical fibre probes according to equation (11): 
F2
Cu3ds =            (11) 
where C is the void fraction, u is the time-averaged interfacial velocity (m/s) and F the bubble 
frequency (Hz). 
 
Figure 25. - Comparison between the relative position of the maximum bubble frequency yFmax/d1 
and the relative position of the maximum void fraction yCmax/d1 for different Froude numbers (from 
Murzyn et al. 2005 and Murzyn and Chanson 2007). 
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This method was applied in Southampton. In Brisbane, the mean bubble chord length was deduced 
from the mean bubble chord time and velocity between both tips. At this stage, we must 
acknowledge that mean Sauter diameter and mean bubble chord length are not exactly defined in 
the same manner. Nevertheless, it is reasonable to think that they should provide results in the same 
range. Figures 26 and 27 present our results for Fr = 4.82 (Southampton) and Fr = 8.3 (Brisbane). 
Most of the results are limited to the turbulent shear layer because of negative velocities close to the 
free surface which make analysis invalid. Note that the lower limit of the bubbles detected by the 
probes is limited to the size of the sensor. Figure 28 is a photo taken at Southampton for Fr = 5. A 
scale is added on the bottom, right side of the picture, to assess bubble sizes. Note that photos are 
available for the whole experimental conditions. The distributions on figure 26 depict similar shapes 
for Fr = 4.82 and for the lower void fraction (in the turbulent shear layer). Bubble sizes are mostly 
found below 5 mm. This is in agreement with flow visualizations for Fr = 5 (Fig. 28). Furthermore, 
our measurements reveal that bubble size increases with the distance to the channel bed. Similarly, 
for a given position downstream of the toe, bubbles are smaller in the shear region where stresses 
are larger. Although measurement techniques differ between Southampton and Brisbane, the same 
orders of magnitude are found in agreement with previous studies (Kucukali and Chanson 2007) 
and flow visualizations. 
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Figure 26. - Vertical profiles of bubble size measured at different relative distances to the toe for Fr 
= 4.82 (from Murzyn et al. 2005). 
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Figure 27. -Vertical profiles of bubble size measured at different relative distances to the toe for Fr 
= 8.3 (from Murzyn and Chanson 2007). 
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Figure 28. - Bubbles flowing downstream of the toe at Fr = 5 (from Murzyn et al. 2005). 
 
 
From the dual-tip optical fibre probe and conductivity probe, correlations of output signals between 
both sensors have been computerized in order to estimate the bubble transit time between the two 
tips. Taking into account the short distance between them (compared to the length scales of the 
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flow), we assume that their horizontal velocity (V) is constant over this short distance yielding 
relation (12): 
T
xV Δ=             (12) 
where Δx is the longitudinal distance between the two tips and T is the average air-water interfacial 
travel time between the two sensors. In Southampton, Δx = 1 mm whereas Δx = 7 mm in Brisbane.  
It is important to note that results may be meaningless in the upper free surface layer (recirculation 
region) because of negative velocities and air packet entrapments. Errors due to the wake of the 
leading tip should not be significant in Southampton. Indeed, the distance between both tips (1 mm) 
corresponds to 100 times the size of the tip (10 μm). Above 10 times, it should be reasonable to 
consider that wake effects should not be significant. Furthermore, the associated Reynolds number 
( υ=
opt1
associated
lU
Re , where lopt is the optical fibre probe diameter) is less than 30. We also assume 
that velocity is zero on the bottom of the channel (no slip condition). 
 
Figure 29. - Vertical profiles of bubble velocity measured at different relative distances to the toe 
for Fr = 4.82 (from Murzyn et al. 2005). 
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Figure 30. - Vertical profiles of bubble velocity measured at different relative distances to the toe 
for Fr = 8.3 (from Murzyn and Chanson 2007). 
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Figures 29 and 30 show typical bubble velocity within the hydraulic jumps for Fr = 4.82 
(Southampton) and Fr = 8.3 (Brisbane) for different relative distance to the toe. From these figures, 
it is evident that a boundary layer develops close to the bottom. The velocity increases from zero 
(no slip condition) to a maximum (Vmax at yVmax) over a thin layer. Above this peak, in most cases, 
the velocity decreases up to the free surface. All profiles exhibit the same shape whatever the 
experimental technique. In the lower part of the flow, Chanson and Brattberg (2000) showed that 
the dimensionless distribution of interfacial velocity was best fitted by wall jet equations (13a and 
13b): 
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where y0.5 is the vertical elevation for which V=0.5Vmax and N is nearly equal to 6. 
Furthermore, the maximum bubble interfacial velocity decays with the distance to the toe and 
increases with Fr. This was also in agreement with previous studies (Kucukali and Chanson 2007). 
Finally, we were interested in the turbulence intensity (Tu) and the dimensionless turbulent 
diffusivity coefficient (D#) within the flow. Tu characterizes the fluctuations of the air-water 
interfacial velocity between the probe sensors (Chanson and Toombes 2002, Chanson 2002). It was 
deduced from the shapes of the cross-correlation Rxz and auto-correlation Rxx functions according to 
relation (14): 
T
T
851.0Tu
2
5.0
2
5.0 −τ=          (14) 
where τ0.5 is the time scale for which the normalized cross-correlation function is half of its 
maximum value such as Rxz(T+τ0.5)=(Rxz)max/2, (Rxz)max is the maximum cross-correlation 
coefficient for τ=T, T0.5 is the time for which the normalized auto-correlation function equals 0.5. 
For more details, one could refer to Murzyn and Chanson (2007). 
 
Figure 31. - Vertical profiles of turbulence intensity measured at different relative distances to the 
toe for Fr = 8.3 (from Murzyn and Chanson 2007). 
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Figure 31 presents some representative results obtained at Brisbane for Fr = 8.3. Note that, for 
Southampton measurements, no result is available for Tu. These results depict low levels of 
turbulence close to the bottom with a regular increase in the turbulent shear layer. From all 
measurements, it is seen that the Tu is also directly linked with Fr. The higher Fr is, the higher the 
turbulent levels are. For Fr = 8.3, Tu reaches up to 400%. Furthermore, Tu decreases when the 
relative distance to the toe decreases. For (x-x1)/d1=33.33, the vertical profile seems homogeneous 
with low turbulence levels. This region is far enough from the toe and the flow recovers quietly 
which means that mean free surface level is nearly flat far downstream of the toe. It is believed that 
these results are new and bring new information to the flow dynamics. 
The second term (D*) is fundamental in chemical, industrial and environmental engineering. Indeed, 
this is a relevant parameter to predict diffusion of a pollutant and particle dispersion in turbulent 
flows. The dimensionless coefficient was deduced from the vertical void fraction profile and from 
relations (7) and (8) according to relation (15): 
11
*
dU
DD =            (15) 
Figure 32 shows the dimensionless turbulent diffusivity as a function of the relative distance to the 
toe for 5.1 < Fr <8.3. The results show that the D* increases with the distance from the toe. A good 
correlation is also found with other studies although some data scattering occurs. It can be supposed 
that D* increases with the Fr as well. 
All these results on the two-phase flow properties show that optical fibre probes and conductivity 
probes are accurate enough to depict the structure of the flow. They both give similar results with 
strong agreements for a wide range of Fr. 
 
Figure 32. - Dimensionless turbulent diffusivity coefficient (from Murzyn and Chanson 2007). 
Comparison with Chanson and Brattberg (2000) and Chanson (2009). 
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Free surface properties: wire gauges vs acoustic displacement meters 
The second main objective of this keynote is focused on the free surface properties in hydraulic 
jumps. For that, two series of measurements have been undertaken. In Southampton, we had in 
mind to use the smallest sensors possible in order to minimize the disturbances generated by the 
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probes. Furthermore, flow visualizations were also made using a high speed monochrome camera 
with an acquisition rate of 120 frames per second. The frame size was 648*484 pixels and 
acquisition lasted from 2 to 4 seconds. The collected images were analyzed following a process 
detailed by Mouazé et al. (2005) to estimate characteristic longitudinal and transverse length scales. 
In Brisbane, non intrusive acoustic displacement meters were used. Many photographs have been 
taken as well in both sites allowing some comparison with experimental results. 
The first basic and interesting characteristic of the free surface is the mean level (η) of the air-water 
interface. Figures 33 and 34 depict its shapes for different Fr as a function of the relative distance to 
the toe. From that, the roller lengths of the jumps were estimated (Fig. 35). They correspond to the 
distance starting from the toe over which the mean free surface profile increases. 
Upstream of the toe ((x-x1)/d1 < 0), the dimensionless mean free surface level (η/d1) is constant, flat 
and equal to 1 which means η = d1 (inflow depth). As the foot of the toe is reached, a rapid increase 
of the mean free surface level is observed in accordance with flow visualizations. This increase 
spreads over a certain length called the roller length (Lr) plotted on figure 35. Far downstream, the 
mean level recovers horizontal and flat. The same shapes are found whatever the experimental 
technique. Our results show that roller length grows linearly with the Froude number according to 
equation (16). Comparisons with previous experimental studies show very good agreements. 
08.6Fr*3.6
d
L
1
r −=           (16) 
 
Figure 33. - Free surface mean profiles obtained with wire gauges for 1.98 < Fr < 4.82 (from 
Murzyn et al. 2007). 
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Figure 34. - Free surface mean profiles obtained with acoustic displacement meters for 3.1 < Fr < 
8.5 (from Murzyn and Chanson 2007). 
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Figure 35. - Roller length as a function of Froude number (from Murzyn et al 2007 and Murzyn and 
Chanson 2007). Comparison with Chanson (2009). 
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The free surface turbulent fluctuations (η’/d1) have been computerized from the output signals of 
the wire gauges and acoustic displacement meters (standard deviations). Results are plotted on 
figures 36 and 37. Upstream of the toe, the turbulent fluctuations are limited and very low. As soon 
as the toe is reached, a rapid increase is observed revealing the formation of the jump. The 
turbulence grows up to a maximum which is characterized by large scale vortices and coherent 
structures within the recirculation region (where bubble ejections and splashes occur). This peak is 
always found in the first half of the jump. This result is also in agreement with Mignot and 
Cienfuegos (2010). For partially-developed inflow conditions, they found that the maximum 
turbulence production and turbulent kinetic energy was located in the upper shear layer and closed 
to the toe. Downstream of this peak, the turbulent fluctuations regularly decrease down to a very 
low level (close to the upstream fluctuation level). This corresponds to a dissipative region where 
the free surface recovers quietly. It is also obvious that the maximum turbulent level is a function of 
the Fr (Fig. 38). 
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Figure 36. - Free surface turbulent profiles obtained with wire gauges for 1.98 < Fr < 4.82 (from 
Murzyn et al. 2007). 
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Figure 37. - Free surface turbulent profiles obtained with acoustic displacement meters for 3.1 < Fr 
< 8.5 (from Murzyn and Chanson 2007). 
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Figure 38. - Maximum turbulent fluctuation of the free surface as a function of Froude number 
(from Murzyn et al. 2007 and Murzyn and Chanson 2007). 
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On the one hand, there is nearly no doubt about the level detected by the wire gauges. Indeed, these 
probes are commonly used to measure the free surface levels in wavy flow for coastal engineering 
purposes. On the other hand, acoustic displacement meters were used for the first time in hydraulic 
jumps. Their accuracy must be discussed. Thus, we aim to investigate what they do exactly 
measure. To do so, we compared their output signals with detailed air-water flow measurements 
obtained with a phase-detection conductivity probe. The free surface level was compared to the 
position of the boundary between the turbulent shear layer and the upper free surface layer (y*) 
deduced from void fraction vertical profiles. Figure 39 shows the results. y*/d1 is plotted as a 
function of η/d1 for different experimental conditions showing that the exact level detected by the 
acoustic displacement meter was slightly above y* for all conditions. This means that the level 
detected by the acoustic displacement meter was within the upper free surface region. Its thin 
thickness then makes measurements accurate. 
 
Figure 39. - Accuracy of the acoustic displacement meters (from Murzyn and Chanson 2007). 
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Free surface length and time scales have been estimated from cross and autocorrelation coefficients 
and video records (Murzyn et al. 2007). Dimensionless longitudinal (Lf/d1) and transverse (Lg/d1) 
length scales are plotted on figures 40 and 41 respectively. Figure 42 shows dimensionless time 
scales (TtU/d1) as a function of the dimensionless longitudinal length scales for different Fr. This 
concerns measurements made in Southampton. 
Considering Fr = 1.98, 2.43, 3.65 and 4.82, the best fits for dimensionless longitudinal (Lf/d1) and 
transverse (Lg/d1) length scales were given by equations (17) and (18): 
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This indicates that transverse length scales are larger than longitudinal length scales but both 
increase linearly with the distance to the toe. Furthermore, they are not influenced by Fr as all data 
fits quite well in a single curve with low data dispersion (Mouazé et al. 2005, Murzyn et al. 2007). 
The main parameter which governs their size is then the upstream flow depth (d1). From the video 
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analysis (Mouazé et al. 2005), results are in good agreement compared to those obtained from the 
wire gauges. Indeed, for Fr = 2.43 at (x-x1)/d1 = 3.26, video technique gives Lg/d1 = 0.65 whereas 
correlation measurement gives 0.5. Similarly, for Fr = 4.82 at (x-x1)/d1 = 8.05, the video gives Lg/d1 
= 1.25 when correlation technique leads to 1. This means less than 25% of difference. It is then 
believed that free surface length scales can be deduced either from free surface measurements or 
from video analysis. 
Figure 42 indicates that dimensionless time scales increase with the dimensionless longitudinal 
length scales. The larger the structures are, the longer they last. Typical life times are found below 
0.2 s. 
 
Figure 40. - Dimensionless longitudinal length scales of the free surface (from Murzyn et al. 2007). 
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Figure 41. - Dimensionless transverse length scales of the free surface (from Murzyn et al. 2007). 
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Figure 42. - Dimensionless time scales of the free surface as a function of the dimensionless 
longitudinal length scales of the free surface (from Murzyn et al. 2007). 
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Figure 43. - Main frequency of the free surface in the hydraulic jumps (from Murzyn and Chanson 
2007). 
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For measurements made in Brisbane, a spectral analysis of the output signals has been led to 
identify the representative frequency of the free surface. Our results are presented on figure 43. 
These results show that dominant frequencies for the free surface are below 4 Hz. For a given Fr, 
the free surface frequencies are constant in the roller while they decrease far downstream. This 
seems in agreement with flow visualizations and observations made during the experiments. This 
confirms that our wire gauges in Southampton are accurate enough with their frequency resolution 
up to 12 Hz. It is large enough compared to the above mentioned results. 
These results concerning the free surface properties tend to indicate that the air/water interface 
behavior can be described by different experimental techniques, either intrusive or not. They give 
similar results for a wide range of Fr as well.  
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CONCLUSION AND PERSPECTIVES 
Conclusions 
In the present keynote lecture, the transition from a supercritical flow regime to a subcritical flow 
regime, called a hydraulic jump, is experimentally studied. Our interest was focused on the 
description of the main air-water flow properties and on the free surface characteristics using 
different experimental techniques. The air-water flow properties were obtained from two sets of 
experiments using either dual-tip optical fibre probes or conductivity probes whereas wire gauges 
and acoustic displacement meters were used to investigate the free surface characteristics. 
On the one hand, we showed that similar results were obtained concerning air/water flow properties 
(C, F, Cmax, Fmax, yCmax/d1, yFmax/d1…). We pointed out that yCmax/d1 increases with the distance to 
the toe and that yFmax/d1 was always below yCmax/d1. The boundary between the turbulent shear layer 
and the upper free surface layer is clearly defined as well. The mean Sauter diameter is mostly 
below 5 mm and nearly homogeneous within the shear layer. In the lower part of the flow, the 
vertical profiles of bubble velocities are comparable to those of a wall-jet. The dimensionless 
turbulent diffusivity coefficient has been investigated depicting an increase when the distance to the 
toe increases. The influence of the Froude number is also discussed. From these results, it is 
obvious that there is no difference between optical fibre probe and conductivity probe 
measurements showing strong accuracy of both techniques in such flows. 
On the other hand, mean and turbulent free surface profiles have been depicted in agreement with 
flow visualizations and photographs. A comparative analysis between acoustic displacement meters 
and conductivity probes enables us to clearly identify the exact position of the level detected by the 
acoustic sensor. It is found in the upper free surface layer (which is a very thin layer where C is 
generally between 0.6 and 1) showing the robustness of the technique. The estimated length scales 
of the free surface are found between one third and two times the upstream flow depth. We pointed 
out that these scales are not dependant on the Fr but linked to the upstream flow depth. An analysis 
on the free surface frequencies has been performed showing that dominant frequencies of the free 
surface are below 5 Hz whatever Fr. These results tend to confirm that thin wire gauges are accurate 
enough (taking into account their frequency resolution). 
 
Perspectives 
A comparative analysis with previous measurements made at the University of Queensland showed 
some strong scales effects. For identical Fr, the influence of Re was put in evidence in terms of void 
fraction and bubble count rate. It was characterized by a more rapid de-aeration of the jump roller 
with decreasing Re at a given Fr. The bubble frequency was also lower for lower Re. There is no 
self-similarity of the void fraction and bubble count rate vertical profiles. This is an important point 
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showing that results can not be extrapolated to large-size prototype structures without significant 
scale effects that must be taken into account (Murzyn and Chanson 2008). However, to date, most 
experimental investigations undertaken in such laboratory experimental facilities were made 
without any consideration regarding these scale effects considering that results may be extrapolated 
to 1:1 scale flows. It is therefore worthwhile to note that experimental techniques such as Ultrasonic 
Doppler Velocimeter (UDV) or acoustic displacement meters may be suitable and useful for field 
investigations if previously (and accurately) calibrated through laboratory campaigns. 
The last point concerns future investigations in hydraulic jumps. The main difficulty we must face 
is due to the presence of air within the water column. It avoids optical techniques for investigations 
such as Particle Imagery Velocimetry (PIV) or Laser Doppler Velocimetry (LDV) for larger Fr (Fr 
> 2-3). Nevertheless, these techniques have been tested for small Fr giving some promising results 
(Lennon and Hill 2006). Anyway, other intrusive techniques may be useful such as Ultrasonic 
Doppler Velocimeter (UDV). Their main limit is that they may introduce some disturbances that 
might affect the flow. In the turbulent shear layer, it has less important consequences as the 
horizontal velocity is positive and the probe size is generally small compared to the length scales of 
the flow. Nevertheless, as the free surface is reached, intrusive techniques become less accurate 
(reversal). Although two-phase flow properties are relatively well-known, there is still a lot of 
experimental works to conduct. In particular, the mean and turbulent velocity fields within the jump 
are poorly documented as well as the shear stresses on the bottom for large Fr although these 
situations are always found in natural streams. In-situ measurements would then be of interest as 
well requiring specific instrumentations that probably need to be previously calibrated in flumes. 
Further experimental measurements may be also undertaken on the turbulence properties of the 
water phase. Indeed, many implications in environmental engineering are involved such as sediment 
transport or pollutant dispersion. This would also help to improve shapes and sizes of energy 
dissipaters, spillways, weirs or dams. In terms of sediment transport, a key-point would also be to 
consider the three-phase nature of the flow (liquid / solid / gas) for experimental investigations. In 
most cases, sediments are not included although they affect the dynamics of the flow in natural 
streams (brown color due to suspended particles). This consideration makes investigations more 
complicated due to complex interactions between particles, bubbles and water. Finally, for sport 
activities, hydraulic jumps are often used as well by surfers and kayakers. Design of basins may 
then be improved with a better knowledge of the flow dynamics. 
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LIST OF SYMBOLS 
General 
C Void fraction defined as the volume of air per unit volume of water [-] 
Cmax Maximum void fraction in the air bubble turbulent shear layer [-] 
D Turbulent diffusivity of air bubbles in air-water flow [L2.T-1] 
D* Dimensionless turbulent diffusivity [-] 
ds Mean Sauter diameter (mean bubble chord length) [L] 
d1 Upstream flow depth measured perpendicular to the flow direction at the upstream gate [L]  
d2 Downstream flow depth measured perpendicular to the flow far downstream of the hydraulic jump 
[L]  
F Bubble frequency: number of bubbles per unit time [T-1]  
Fmax Maximum bubble frequency [T-1] 
Fr Froude number [-] 
g Gravity constant [L.T-2] 
lc Channel width [L] 
Lr Roller length [L] 
N Inverse of the exponent of the velocity power law [-]  
Q Flow rate [L3.T-1] 
Re Reynolds number [-] 
Rxx Normalized auto-correlation function (reference probe) [-] 
Rxz Normalized cross-correlation function between two probe output signals [-] 
(Rxz)max Maximum cross-correlation coefficient between two probe output signals [-] 
Tu Turbulence intensity [-] 
T Average air-water interfacial travel time between the two probe sensors [T] 
Txx Auto-correlation integral time scale [T] 
T0.5 Characteristic time lag τ for which Rxx = 0.5 [T] 
u Time-averaged interfacial velocity [L.T-1]  
U1 Depth-averaged flow velocity upstream the hydraulic jump, U1=Q/(lcd1) [L.T-1] 
V Interfacial velocity [L.T-1] 
V2 Downstream flow velocity [L.T-1] 
Vmax Maximum interfacial velocity [L.T-1] 
W Channel width [L] 
x Longitudinal distance from the upstream gate [L] 
x1 Longitudinal distance from the gate to the foot of the jump [L] 
y Distance measured normal to the channel bed (positive upward) [L]   
yCmax Distance normal to the channel bed where C = Cmax [L] 
yFmax Distance normal to the channel bed where F = Fmax [L] 
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y50 Characteristic depth where C = 0.5 [L] 
y* Distance measured normal to the channel bed corresponding to the boundary between the turbulent 
shear stress region and the upper free surface region [L] 
z Transverse distance from the channel centreline [L] 
 
Greek 
δ Boundary layer thickness defined in term of 99 % of free stream velocity : δ=yV=0.99Vmax [L] 
Δx Longitudinal distance between probe sensors [L] 
η Free surface level of the jump above channel bottom [L] 
η’ Root mean square of the free surface level fluctuations [L] 
μ Dynamic viscosity of water [M.L-1.T-1] 
ν Kinematic viscosity of water [L2.T-1] 
ρ Density of water [M.L-3] 
τ Time lag [T] 
τ0.5 Characteristic time lag for which Rxz = 0.5 (Rxz)max [T] 
 
Subscript 
max Maximum 
xx Auto-correlation of reference signal probe 
xz Cross-correlation 
1 Upstream flow conditions 
2 Downstream flow conditions 
50 Flow condition where C = 0.5 
 
Abbreviations 
P/D Partially-developed inflow conditions 
PIV Particle Imagery Velocimetry 
LDV Laser Doppler Velocimetry 
UDV Ultrasonic Doppler Velocimetry 
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Abstract: Labyrinth weirs are often a favourable design option for new spillways, or for the 
rehabilitation or replacement of existing spillways.  To improve the design and analyses of 
labyrinth weirs, a study (in progress) has been undertaken based upon laboratory scale model data, 
case studies, and published research.  A portion of the experimental results of the study are 
presented.  Results include an expansion of the design methodology of TULLIS et al. (1995) to 
include additional sidewall angles (α) and half-round crest data.  Also, a method for comparing the 
flow capacity of weirs of different geometries (as a function of HT/P) to determine an efficient 
structure is set forth.  Nappe aeration for half-round labyrinth weirs is presented, which includes 
artificial aeration by vents and by nappe breakers.  Finally, nappe interference, as presented by 
INDLEKOFER AND ROUVÉ (1975), was evaluated (relative to the experimental data) to 
determine the potential applicability to labyrinth weirs. 
 
Keywords: Labyrinth weirs, Design, Physical models, Nappe behaviour. 
 
INTRODUCTION 
Labyrinth Weirs 
A labyrinth weir is a linear weir that is folded (in plan-view) across a channel.  The resultant 
increase in weir length produces an increase in discharge capacity for a given channel width and 
driving head, relative to a linear weir.  Due to its increased efficiency, a labyrinth weir will also 
require less free board than a linear weir, which facilitates both flood routing and increased 
reservoir storage capacity during base flow conditions.  In addition to spillways, labyrinth weirs are 
also effective drop structures and flow aeration control structures. 
There are an infinite number of possible geometric configurations of labyrinth weirs; however, 
there are three general classifications: triangular (tri), trapezoidal (trap), and rectangular (rect).  
Triangular and trapezoidal shaped labyrinths are more efficient than rectangular labyrinth weirs, 
based on a discharge per unit length comparison.  The geometric parameters associated with 
labyrinth weir geometry are presented in Figure 1. 
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Fig. 1 – Labyrinth weir parameters for linear cycle configuration 
 
 
 
Design Methods 
Prototype installations can be found throughout the globe; examples that were developed from 
model studies include: Avon Spillway, Dog River Dam, Hyrum Dam, Lake Brazos Dam, Lake 
Townsend Dam, Mountsorrel, Prado Spillway, Standley Lake, Weatherford Reservoir, and Ute 
Dam.  Due to the complex, three-dimensional nature of labyrinth weir flows, much of the 
information regarding their design and performance has been developed from structure-specific 
model studies and research studies (physical modeling).  Notable research studies that have 
provided design guidance for labyrinths are presented in Table 1, followed by a short discussion of 
Method 6, as its approach was adopted by the authors. 
 
Table 1. Design methods 
 
Labyrinth Weir Discharge Design Methods 
( ) Author(s) Labyrinth Type Crest Shape† 
1 HAY and TAYLOR (1970) Tri, Trap, Rect Sh, HR 
2 DARVAS (1971) Trap LQR 
3 HINCHLIFF and HOUSTON (1984) Tri, Trap Sh, QR 
4 LUX (1989) Tri, Trap QR 
5 MAGALHÃES AND LORENA (1989) Trap WES 
6 TULLIS et al. (1995) Trap QR 
7 MELO et al. (2002) Trap WES 
8 TULLIS et al. (2007) Trap HR 
 †HR – Half-round, QR – Quarter-round (Rcrest=tw/2), LQR – Large Quarter-round (Rcrest=tw),  
 Sh – Sharp, WES – Truncated Ogee 
 
TULLIS et al. (1995) adopted the conventional weir equation, presented in Equation 1, to define the 
discharge coefficient of labyrinth weirs.  However, a minor adjustment was made by utilizing an 
effective weir length, Le, instead of the full crest length, L. 
 
2
3
T
Tullis
LH2g2
3QC =   (1) 
It is dimensionless and the uses total upstream head, HT. Equation 1 is based on the traditional weir 
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equation, and the characteristic length is the effective length, Le, not W.  It is based upon research 
conducted by AMANIAN (1987), WALDRON (1994), and a model study for Standley Lake 
(TULLIS, 1993).  Labyrinth weir discharge coefficient data are presented as CTullis vs. HT/P, with 
the data segregated by weir sidewall angle (α).  The discharge coefficient for a standard sharp-
crested linear weir was also included for comparison.  TULLIS et al. (1995) presents a method for 
determining labyrinth weir geometries.  The method’s support data are, however, limited to quarter-
round crest shapes (Rcrest=tw/2), α≤18°, and 3≤w/P≤4.  WILLMORE (2004) corrected a minor error 
in the Tullis et al. (1995) method associated with computing Le.  WILLMORE also found the α=8° 
data to be in error.  Additional investigations have found a portion of the α=6° data to be in error 
(HT/P≤0.35). 
Design methods greatly aid in innovative labyrinth design and are useful tools for analyzing 
physical models.  However, additional design guidance and information is needed for labyrinth weir 
design.  Examples of labyrinth weir applications not well documented include: labyrinth weirs 
projecting into a reservoir, arced labyrinth weir configurations, additional crest shapes for the 
TULLIS et al. (1995) design method, and the effects of nappe interference. 
 
Nappe Interference 
Nappe interference refers to the interaction of flow passing over a weir in a converging flow 
situation (e.g., in the vicinity of a labyrinth weir cycle upstream apex).  The discharge over one weir 
wall interacts with and potentially impacts the discharge efficiency of an adjacent weir wall by 
creating localized submergence effects. 
INDLEKOFER AND ROUVÉ (1975) approached nappe interference by studying sharp crested 
corner weirs, which featured flow streamlines perpendicular to each weir sidewall.  An interference 
length (Lde) was determined by comparing the flow discharge coefficient (Cd) of a corner weir to 
that of a linear weir of equivalent length.  Lde represents the length of a theoretical weir section 
where Q and Cd = 0.  Several polynomial curves are presented to approximate Lde/H as a function of 
α; however, FALVEY (2003) developed his own approximation (Equation 2).  He limited the 
application of Equation 2 to labyrinth weirs with α≥10°. 
 α0.052de 6.1e
H
L ⋅−=  (2) 
The work of INDLEKOFER AND ROUVÉ (1975) provides some insights for labyrinth weir nappe 
interference. However, flow efficiency is also influenced by the approach flow.  The streamlines are 
generally not perpendicular to the labyrinth weir crest, except at low heads, and their trajectory vary 
with HT.  FALVEY (2003) expressed the need for additional labyrinth weir nappe interference 
research. 
The objectives of this research are: to investigate specific weir geometries, nappe interference, 
nappe performance (operation and instability), and nappe breakers; consolidate available data sets 
and weir information; and assimilate and further develop current methodologies to improve the 
design and analyses of labyrinth weirs  
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EXPERIMENTAL SETUP 
Research for this study was performed at the Utah Water Research Laboratory (UWRL) located on 
the Utah State University Campus in Logan, Utah.  Data from 27 laboratory-scale trapezoidal 
labyrinth weir models were analyzed in this research study.  Testing included reservoir and 
channelized approach conditions, quarter-round (Rcrest=tw/2) and half-round crest shapes, arced 
configurations, and an examination of the influence of nappe breakers with respect to quantity and 
placement.  A new standard geometric layout for arced labyrinth weirs projecting into a reservoir 
was developed.  A summary of the labyrinth weir physical models are presented in Table 2. 
 
Table 2 - Summary of labyrinth weir physical models 
 
Model Cycle Sidewall Angle Arc Angle Weir Height Crest Shape† 
( ) (N) (α) (θ) (P) ( ) 
1-6 5 6°, 12° 10°, 20°, 30° 203.2 mm HR 
7-12 5 6°, 12° 0° 203.2 mm HR 
13-20 2 6° - 35° 0° 304.8 mm HR 
21-27 2 6° - 35° 0° 304.8 mm QR 
†HR – Half-round, QR – Quarter-round (Rcrest=tw/2), Sh – Sharp 
 
EXPERIMENTAL RESULTS 
Design Curves 
The design method of TULLIS et al. (1995) was modified to use Lc instead of Le.  Also this design 
method was expanded to include Cd rating curves for labyrinth weirs with a half-round crest shape, 
(A=tw, w/P=2, tw=P/8) presented in Figure 2.  Surface tension effects may exist (ETTEMA, 2000) 
for HT/P≤0.1 (We~50 at the crest) that would introduce prediction errors at a prototype scale.  Also, 
the α=35° weir does not have a stable air cavity beneath the nappe, even with venting apparatus.  
The nappe would oscillate between fully aerated and sub-atmospheric (clinging to downstream weir 
face) flow conditions and would produce a loud 'flushing' noise.  The unstable nappe resulted in 
fluctuations of H and Q, resulting in the scatter of Cd. 
A comparison of the flow capacity of labyrinth weirs of varying α (W is held constant) can be seen 
in Figure 3.  Multiplying the ordinate (CdL/W) by 23TH2g32  produces a unit discharge.  The 
increase in flow capacity resulting from an increase in weir length for a given channel width is 
shown, which is greatest at ~HT/P=0.1.  The advantage of small α decreases as HT/P increases – the 
α curves appear to converge.  Even for HT/P≥0.8, a labyrinth weir has a higher discharge capacity 
than an Ogee or WES type spillway (CdL/W~0.8). 
 
Nappe Aeration 
Sub-atmospheric pressures may be present on the downstream face of a weir when the nappe 
‘clings’ to the weir wall.  These pressures increase the hydraulic efficiency of the weir; a clinging 
nappe will have a higher Cd than an aerating nappe, all other parameters kept constant.  However, as 
Q increases, the streamlines begin to deviate from the crest, causing the nappe to shift from clinging 
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to fully aerated flow.  A further increase in Q will raise the tailwater depth sufficiently to ‘drown’ 
the nappe, or remove the cavity of air behind the nappe.  The transition from aerated to drowned is 
gradual because the aerated crest length gradually decreases and the air cavity behind the nappe 
oscillates.  These transitional behaviors are referred to as ‘semi-aerated’ and all three regions of 
nappe aeration are presented in Figure 4 for vented labyrinth weirs with a half-round crest. 
The nappe aeration is influenced by HT, crest shape, aeration vents, nappe breakers, debris, 
vegetation (e.g., algae growth on the crest), and the orientation of the weir wall to the approaching 
flow.  This study explored artificial aeration by means of aeration vents and nappe breakers. 
 
Fig. 2 - Half-round Cd for trapezoidal labyrinth weirs as a function of HT/P 
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Fig. 3 - Comparison of flow capacity of labyrinth weirs of varying α, as a function of HT/P 
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Fig. 4 - Aeration performance of vented labyrinth weirs with a half-round crest 
 
 
 
Experimental results found that, in order to maximize aeration, each weir sidewall requires an 
aeration vent.  Also, nappe breakers (triangular cross-section with a side flush with the downstream 
weir wall) placed on the downstream apexes did not decrease flow efficiency; this configuration 
requires one nappe breaker for each labyrinth cycle.  Nappe breakers placed on the weir sidewall 
decreased discharge capacity and provided no aeration benefits when placed on the upstream 
apexes. 
 
Nappe Interference 
INDLEKOFER AND ROUVÉ (1975) investigated nappe interference by comparing the flow 
efficiency of a corner weir and a linear weir.  They determined that the decrease of efficiency was 
due to nappe interference, and was a function of H/P and α. Cd of a linear weir was assigned to a 
corner weir, and the difference in efficiency between a linear and corner weir was described 
hypothetically as a region of disturbance.  Empirical equations were developed to determine a 
disturbed crest length, shown with Equations 3 and 4. 
 
2
3
d
m
H2gw2C
3QC =  (3) 
 ( )
2
3
d
cyclec
mdde
H2gw2C
3Q
2
L
C1LL −=−= −  (4) 
In Equation 3, Cm is an averaged disturbance coefficient of the disturbed area and Lc-cycle is the 
centreline crest length for a single labyrinth cycle, Ld is the disturbance length, or length of weir 
with a decreased efficiency relative to linear weirs.  Lde is an effective disturbance length that 
describes a hypothetical crest length with Q and Cd=0.  The remaining crest length is assigned Cd of 
a linear weir. 
This research study applied the techniques described by INDLEKOFER AND ROUVÉ (1975) to 
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labyrinth weirs.  Equations 3 and 4 were modified by replacing H and w with HT and Lc  Also, loss 
of efficiency is due to nappe interference and approaching flows that are not perpendicular to the 
weir wall.  Ld/Lc-cycle vs. HT/P for half-round labyrinth weirs is presented in Figure 5 (A).  
INDLEKOFER AND ROUVÉ (1975) used linear approximations for Lde vs H that passed through 
the origin.  The rate of change of the linear approximations is Lde/H; this is also presented in terms 
of Lde/HT in Figure 5 (B) as a function of α. 
 
Fig. 5 – Dependence of Ld on HT/P for Half-round Labyrinth Weirs (A) and α vs. Lde/HT for Half-
round labyrinth weirs (B) 
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The data presented above reveals that Ld (and Lde) do not increase linearly with increasing HT.  
However, the points may be approximated with two straight lines of varying slope, suggesting a 
transition region in the hydraulic efficiency of labyrinth weirs.  Figure 5 (B) includes experimental 
data of corner weirs (0.2≤P/L≤0.8) from INDLEKOFER AND ROUVÉ (1975) and Equation 2 
developed by FALVEY (2003).  It can be seen that the effects of P are small.  The labyrinth weir 
experimental data can be approximated with Equation 5. 
 ( )( )2T
de
α0.47115.53
α357.6
H
L
°−−
°+−=  (5) 
Equation 5 is valid for 6°≤α≤90° with R2=0.994.  As α approaches 0, Lde/HT should approach 
infinity.  Also, Lde/HT=0 for a linear weir (α=90°).  Equation 5 provides some insight and guidance 
when applying (as suggested by FALVEY 2003) the method by INDLEKOFER AND ROUVÉ 
(1975) to analyse nappe interference. 
 
CONCLUSION 
This study was undertaken to further clarify and characterize the performance and operation of 
labyrinth weirs of varying geometries and hydraulic conditions.  The design method of TULLIS et 
al. (1995) was expanded to include half-round crest data, and a technique for comparing the flow 
capacity of labyrinth weirs of varying α is presented.  Design information regarding nappe aeration, 
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nappe vents, and nappe breakers was presented, including the operating ranges for aerated, semi-
aerated, and drowned flows.  Finally, the methodology for determining nappe interference presented 
by INDLEKOFER AND ROUVÉ (1975) was applied to half-round labyrinth weirs, resulting in 
Equation 5.  The experimental results utilize HT and were found to be similar to the experimental 
results of corner weirs.  However nappe interference for labyrinth weirs does not increase linearly 
with increasing HT/P.  Equation 5 is a nappe interference design tool for determining an appropriate 
L/W or number of cycles for a labyrinth weir. 
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Abstract: The piano key weir (PKW) is a particular geometry of weir similar to a labyrinth shape 
that features overhanging cycle ends to reduce the base length. Together with its high discharge 
capacity for low heads, this geometric feature makes the PKW an interesting solution for dam 
rehabilitation, permitting the placement of the weir directly on dam crest. However, PKW stays a 
new type of weir, firstly designed in 2001 and built for the first time in 2006 by Electricité de 
France (EDF). Even if the first experimental studies confirmed its discharge capacities, lacks persist 
in the understanding of the flow behaviour upstream, along and downstream of this complex 
structure. This paper presents the mean results and observations obtained from experiments on a 
large scale model of PKW. The hydraulics of the structure is clarified based on measurements of 
water depths, pressures, velocities and discharges on each part of the weir. These observations 
explain the effect of geometric improvements proposed in former studies. 
 
Keywords: Weir, Experimental, Piano key weir (PKW), Flow analysis. 
 
INTRODUCTION 
The piano key weir (PKW) is an original type of weir developed by Lempérière (Blanc and 
Lempérière 2001, Lempérière and Ouamane 2003) to combine a labyrinth weir with overhangs to 
limit the base length and to facilitate its location on the dams crest (Fig. 1). The first scale model 
studies showed that this new type of weir can be four times more efficient than a conventional 
Creager at constant head and crest length on the dam (Ouamane and Lempérière 2006a). 
The PKW shows geometric specificities such as up- and/or downstream overhangs with variable 
width, inlet and outlet bottom slopes, which involve a large set of variable parameters (Fig. 1). The 
"PKW-element" is the basic hydraulic structure of a PKW composed of a transversal wall, half an 
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inlet and half an outlet. The main geometric parameters of a basic PKW structure are the transversal 
width of a PKW-element W, the weir height P, the number of PKW-elements n, the lateral crest 
length B, the base length Bm, the inlet and outlet widths a and b, the up- and downstream overhang 
lengths c and d and the wall thickness e, considering a flat-topped crest. 
 
Fig. 1 – Sketch of a PKW geometry and main geometrical parameters 
 
 
Several studies have been carried out to characterize the influence of a number of geometrical 
parameters (Hien et al. 2006, Ouamane and Lempérière 2006b, Machiels et al. 2009a). These 
studies highlight that an increase of the inlet/outlet widths ratio, the upstream overhangs length or 
the weir height permit to increase the discharge capacity of the weir. Ouamane and Lempérière 
(2006b) show that a profiling of the shape of the upstream overhang (like piers) increases the 
discharge capacities. They also highlight the interest of the PKW in terms of aeration capacities and 
floating debris response. 
The first real size PKW has been built in France by Electricité de France (EDF) during summer 
2006 to increase the discharge capacity of the Goulours dam spillway (Laugier 2007). With the 
experience from this first realization and the results of other experiments carried out on scale 
models, EDF developed the use of PKW for the rehabilitation of different dams in France. The 
second and third PKW were built on the St Marc and the Gloriettes dams (Bieri et al. 2009). 
Till now, the hydraulic design of a PKW is mainly performed on the basis of experimental 
knowledge and scale model studies, modifying step by step an initial geometry following the ideas 
of the project engineers (Ribeiro et al. 2007). There is thus a strong need for fundamental as well as 
applied studies on PKW to improve the understanding of the flow behaviour on this new type of 
weir and to set up efficient design rules to predict its discharge capacity. These are the reasons why 
a combined experimental and numerical study of PKW is currently being undertaken at the 
Laboratory of Engineering Hydraulics of the University of Liege (Machiels et al. 2009b). 
The two first test periods, carried out on a large scale model of PKW, characterized the flow over 
the model weir by drawing of the non-dimensional head/discharge curve (Machiels et al. 2009b) 
and of the streamlines upstream the weir and along the inlet (Machiels et al. 2010). 
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This paper presents the results of the third and fourth test periods realized on the same model of 
PKW. During these periods, measurements of water depth, pressure, velocity and discharge have 
been performed on the different parts of the model (in the inlet, in the outlet and upstream the weir) 
to improve the understanding of the physics of the flow over PKW by a complete characterization 
of the flow patterns depending on the upstream head. 
 
EXPERIMENTAL SETUP 
Experimental channel 
A specific experimental facility made of a 7.2m long, 1.2m wide and 1.2m high channel has been 
built to perform all the planned scale model tests. The channel is fed by two pumps delivering up to 
300 l/s in an upstream stilling basin. The upstream entry of the channel is equipped with a metal 
grid and a synthetic membrane ensuring uniform inflow conditions. Plexiglas plates on both channel 
sides allow observations of the flow patterns at the location of the model. Specific convergent 
structures allow reducing the channel width to the variable width of the tested models. 
 
Large scale model 
The first experiments have been carried out on a large scale model of a basic PKW geometry (Fig. 
2) to define precisely the transitions between the different flow types on the structure and to 
characterize these flow types in terms of velocity, pressures and flow patterns. To achieve this goal, 
1.5 inlet cycles and 1.5 outlet cycles have been modelled. Thus, half an outlet and half an inlet are 
along the Plexiglas walls while the full cycles are at the centre of the channel. The model is realized 
in PVC to minimize the effects of friction. Discharge and upstream head measurements are 
performed respectively with an electromagnetic flowmeter and a limnimeter with a precision of 
±0.001m³/s and ±0.5mm. 
 
Fig. 2 – Large scale model layout (left and centre) and location of measurements points with Pitot 
tubes (right - dimensions in cm) 
 
 
Velocity, pressure and water level measurements 
To perform the velocity, pressure and water level measurements, six Pitot tubes (Klopfenstein Jr 
x 
z Flow Flow 
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1998) and a limnimeter with a vernier were used. The limnimeter enables the direct measurement of 
the free surface with a precision of ±0.5mm. The Pitot tubes were used in parallel across the 
channel section to measure the horizontal flow velocity component along the channel axis and the 
pressure upstream of the weir and along the inlet. The accuracy of these measurements is ±1mm of 
water head. The measurements were performed on 117 points distributed on 4 cross sections, on the 
whole channel width and on 4 elevations (Fig. 2). 
 
Partial discharge measurements 
To realize measurements of the discharge downstream of the inlet, the outlet and both the half-inlet 
and –outlet, the downstream part of the experimental channel has been divided in four rectangular 
channels, each containing a triangular sharp-crested weir at the downstream end. The discharges in 
the four channels have been calculated based on tables giving discharge/head relation for triangular 
sharp-crested weir (Cetmef 2005). Water height measurements are performed using limnimeters 
with a precision of ±0.5mm. 
By comparison of the sum of the calculated partial discharges with the global discharge 
measurement obtained from the electromagnetic flowmeter, the accuracy of the method is estimated 
to 5 % of the calculated discharge. 
 
RESULTS AND DISCUSSION 
Release capacity 
Discharges ranging from 8.4l/s to 195.4l/s have been considered on the model. Because of the 
complexity of the PKW geometry, the discharge capacity is a function of several geometric 
parameters. It is of common use to express, as in (1), the discharge Q on a PKW under a water head 
H as a function of the total weir length WT on the dam crest.  
3
w TQ C W 2gH=                             (1) 
All the weir geometric specificities are thus contained in the discharge coefficient Cw (Ouamane and 
Lempérière 2006a). The non-dimensional head/discharge curve measured on the model (Fig. 3) is 
relatively close to the curves presented by Ouamane and Lempérière (2006a) for non-optimal 
characteristics of PKW. The geometry of the model has been defined as a basic model (a/b = 1, c/d 
= 1) with a low ratio between the developed crest length L and the weir width W to emphasize the 
differences between various flow types on the weir. The PKW efficiency thus globally decreases. 
For H/P < 0.15, there is an important decrease in the discharge coefficient of the model compared to 
Lempérière's results. The explanation of this phenomenon is the influence of the crest thickness and 
shape (Machiels et al. 2009b). Lempérière's model used 0.3cm thick steel plates (e/P = 0.0125) 
where the present model uses 2cm thick PVC plates (e/P = 0.04). 
The measurements of the partial discharges show the influence of the side walls (Fig. 4). The 
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efficiency of the downstream crest of the inlet increases with the side wall presence (Fig. 4 – (A)). 
The lateral crest efficiency, measured using a PVC plate to close the upstream crest of the outlet, is 
not influenced by side wall effects (Fig. 4 – (B)). The discharge decrease observed in the half-outlet 
(Fig. 4 – (B)) is thus directly linked to a decrease of the efficiency of the upstream crest of the outlet 
due to the side wall presence. The comparison between combined discharges of the inlet and the 
outlet with the combined discharges of the half-inlet and -outlet shows differences close to 
0.001m³/s. The increase of the discharge in the half-inlet is thus counterbalanced by the decrease in 
the half-outlet. The head/discharge curve (Fig. 3) enables to represent the flow over PKW whatever 
the number of elements. 
 
Fig. 3 – Non-dimensional head/discharge relation measured on the physical model (error bars show 
the influence of the discharge measurement accuracy on the Cw values) 
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Fig. 4 – Comparison between discharges of the inlet and the half-inlet (A – bars = 15%), and of the 
outlet and the half-outlet with and without upstream crest (B – bars = 5%) 
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Streamlines 
The streamlines, upstream of the PKW and along the inlet, were determined by tracking a colouring 
agent. 12 different heads, from H/P = 0.05 to 0.45, were studied, with 25 injecting points for each 
test (Machiels et al. 2010). 
(A) (B) 
 52 
For low heads (H/P < 0.2), the streamlines are rather homogeneously distributed along the whole 
weir crest (Fig. 5). For high heads (H/P > 0.2), the streamlines distribution appears less 
homogeneous. Indeed, the downstream crest of the inlet is importantly supplied, by the bottom 
stream and by streams coming in front of the inlet. The upstream crest of the outlet is only supplied 
by the surface stream. Finally, the lateral crest is poorly supplied by streams coming front of the 
outlets, under the crest level (Fig. 5). 
The transition between these main streamlines sketch corresponds to the transition from a flat free 
surface line to a ripple free surface line along the PKW. It corresponds also to the beginning of the 
decrease in the discharge coefficient with head (Fig. 3). These two phenomena are directly linked to 
the variation of the streamlines distribution, as depicted in (Machiels et al. 2010). 
 
Fig. 5 – Streamlines along the inlet for H/P < 0.2 (continuous lines) and H/P > 0.2 (dotted lines) 
 
 
Free surface, velocity and pressure profiles 
Free surface, velocity and pressure profiles were measured upstream of the weir and along the inlet, 
to characterize the flow behaviour for 4 head ratios: low heads (H/P = 0.1), high heads (H/P = 0.35 
and 0.5) and transition zone highlighted by the streamlines study (H/P = 0.2). 
The pressure profiles are close to hydrostatic along the side wall as well as in the middle of the inlet 
(Table 1), except in places where the streamlines are closer (Machiels et al. 2010). By example, in 
front of the corners near the inlet entrance, an over-pressure zone can be observed (Table 1 – bold). 
This over-pressure increases when the upstream head rises. 
The velocity profiles for low heads (H/P = 0.1 and 0.2) are relatively uniform along the side wall as 
well as in the middle of the inlet (Fig. 6), illustrating the homogeneity of streamlines repartition. For 
higher heads (H/P = 0.35 and 0.5), velocities increase in the middle of the inlet (Fig. 6). Closer from 
the downstream crest, higher is the velocity, illustrating the streamlines concentration in this zone. 
For H/P = 0.5, negative velocities are observed near the side walls at the inlet entrance 
(recirculation zones, Fig. 6 – left and right). 
The recirculation zones, combined with the bottom slope, reduce the effective section of the inlet, 
causing an important concentration of the streamlines and increasing velocities in the middle of the 
inlet entrance (Fig. 6 - right). A control section appears when velocities increase involving Froude 
number (Fr) higher than 1 (Fig. 7): 
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2 3
QFr , where h is the water depth.
ga h
=                         (2) 
This control section moves upstream with the rising head. The discharge capacity decreases 
continuously (Fig. 3 – A). For higher heads, the control section stays directly at the entrance of the 
inlet. The discharge capacity decreases less rapidly and seems to tend to a limit value (Fig. 3 – B). 
 
Table 1 – Difference between measured pressures and hydrostaticity [%] (in the centre of the inlet / 
along the side wall of the inlet), (+ under-pressure, - over-pressure), (X, Z as depicted in Fig. 2) 
 
H/P 0.1 0.2 
Z [m]\X [m] 0.74 0.53 0.32 0.11 0.74 0.53 0.32 0.11 
0.75 0.2 / -0.1 -0.1 / -0.6 0.0 / 0.1 0.1 / -0.2 0.3 / 0.4 -0.3 / 0.1 -0.1 / 0.6 0.2 / 1.2
0.55 0.4 / 0.3 -0.4 / -0.8 0.3 / -0.3  0.0 / -0.3 -1.7 / -2.3 0.0 / -0.8  
0.25 0.3 / -0.1 -0.5 / -1.3   -0.7 / -0.3 -2.8 / -3.0   
0.05 0.3 / 0.0 -0.8 / -1.2   -0.5 / -0.4 -3.0 / -3.4   
H/P 0.35 0.5 
Z [m]\X [m] 0.74 0.53 0.32 0.11 0.74 0.53 0.32 0.11 
0.75 -0.3 / -0.4 0.5 / 0.3 -0.3 / 0.3 2.5 / 5.0 -0.4 / -0.8 1.5 / 3.1 -1.5 / 0.1 1.9 / 4.4
0.55 -0.6 / -0.8 -2.2 / -2.8 -0.2 / -1.1  -1.7 / -2.1 0.6 / -3.1 -1.1 / 0.9  
0.25 -1.3 / -1.4 -3.7 / -3.5   -2.2 / -2.7 -3.0 / -5.5   
0.05 -1.4 / -1.7 -4.3 / -4.8   -2.5 / -2.5 -5.3 / -6.0   
 
Fig. 6 - Velocity profiles near the side (left), in the middle of the inlet (centre) and at an elevation 
from the bottom of the channel Z = 0.55 m (right) (red - H/P = 0.5; green - H/P = 0.35; blue - H/P = 
0.2; pink - H/P = 0.1; dotted lines – V = 0 m/s) 
  
 
Fig. 7 - Froude (Fr) profiles in the inlet (red: H/P = 0.5; green: H/P = 0.35; blue: H/P = 0.2; pink: 
H/P = 0.1; continuous lines: Fr = 0, broken lines: Fr = 1) 
 
1 m/s 
 54 
 
These observations explain the interest of increasing the inlet width, the inlet slope or the inlet 
height (using crest extension by example) to increase the inlet cross section (Ouamane and 
Lempérière 2006a,b, Machiels et al. 2009a), requiring higher velocities for a control section 
apparition. It also explains the hydraulic interest of the use of simple upstream overhangs (Ouamane 
and Lempérière 2006a), what reduces the inlet length and thus the influence of the control section. 
Finally, the use of a non rectangular shape of the front part of the upstream overhangs (Ouamane 
and Lempérière 2006b) decreases the recirculation zone size what increases the discharge 
capacities. 
 
CONCLUSION 
In order to improve the understanding of the flows over piano key weirs (PKW), an experimental 
study was undertaken. A large scale model study was perform to characterise the different flow 
types on the weir crests. The experimental program will be completed by parametric and numerical 
studies. The on-going tests enable to confirm and explain by measurements the influence, on the 
discharge capacity of PKW, of the streamlines profiles above the weir and in the inlets. These 
measurements help in the understanding of the hydraulic behaviour of the PKW by highlighting the 
effect of recirculation zones appearing for high heads and provoking a control section in the inlet. 
This control section seems to be the main cause of the discharge coefficient decrease with the head. 
The observations developed in this paper help in the understanding of former empirical relations. 
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HYDRAULIC STRUCTURE PHOTOGRAPHS 
 
(A) General view of the spillway operation 
 
(B) High-shutter speed photographs of the free-surface flow downstream of the ski jump (shutter 
speed: 1/8,000 s) 
Fig. HS01 - Wivenhoe dam spillway (Australia) in operation on 18 Oct. 2010 (Photographs by 
Hubert CHANSON) 
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Abstract: On a spillway chute, a stepped profile increases the rate of energy dissipation and 
consequently reduces the length of the required downstream energy dissipator when compared to a 
conventional solution. Up to date, the effect of the chute steps on the energy dissipator flow 
characteristics remains practically unknown, despite its importance for the design of this kind of 
structures. A USBR type III basin may be adequate downstream of stepped spillways with limited 
discharges and moderate velocities at the entrance of the basin. New measurements were acquired 
in a large-scale facility comprised by a steep stepped spillway followed by a stilling basin designed 
according to the USBR recommendations for type III stilling basins. Detailed flow characteristics 
along the basin were measured systematically for several flow rates. The results show that the 
profiles of pressure head and flow depth tend to follow those recommended by the USBR for type 
III basins. An exception occurs at the entrance of the basin, where the pressure head values are 
exceeded largely by the data presented in this study. With regard to the pressure head and flow 
depth in the basin, the chute blocks are observed to be dispensable. 
 
Keywords: Stepped spillway, USBR type III stilling basin, Flow depth, Pressure head. 
 
INTRODUCTION 
Stepped spillways have been used since ancient times (CHANSON 2002). However, more recently 
they gained their popularity when non-conventional construction techniques like RCC (roller 
compacted concrete) began to be used in dam engineering. Such technique drives naturally to a 
stepped downstream dam face which, when used as a spillway, increases the rate of energy 
dissipation and consequently reduces the length of the required downstream energy dissipator when 
compared to a conventional solution. A USBR type III basin may be adequate downstream of 
stepped spillways with limited discharges and moderate velocities at the entrance of the basin. 
For a given stepped spillway, and for the smaller discharges, a succession of free-falls, called nappe 
flow, is observed. For intermediate discharges, a transition flow occurs, and for higher discharges 
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the main flow skims over the step edges. Although several experimental studies have been focused 
on the nappe and transition flows, research has been particularly intense for the skimming flow 
because it is the type of flow which occurs for the design discharge of most steep stepped spillways. 
These studies were mostly focused on the non-aerated (e.g., MEIRELES et al. 2006, AMADOR et 
al. 2009, MEIRELES and MATOS 2009) and aerated regions, particularly in the assessment of 
variables such as air concentration and velocity distribution (e.g., MATOS 2000, BOES and 
HAGER 2003, MEIRELES 2004, RENNA 2004, FELDER and CHANSON 2009) or the pressure 
field on the steps (e.g., SÁNCHEZ-JUNY 2001, YASUDA and OHTSU 2003, ANDRÉ 2004, 
AMADOR et al. 2009, GOMES 2006), and in the characteristics of the inception point of air 
entrainment (e.g., CHANSON 2002, AMADOR et al. 2009). 
In spite of this considerable number of studies, only very few have been focused on the hydraulics 
of the energy dissipators located downstream of stepped spillways. Within this scope, several 
studies were centred in the application of the classical momentum equation to the hydraulic jump to 
determine the residual energy of the stepped spillway (e.g., DIEZ-CASCON et al. 1991, TOZZI 
1992, 1994, PEGRAM et al. 1999). In this approach it is assumed that the specific energy of the 
flow at the toe of the chute is approximately equal to that at the upstream end of the jump. Later, 
YASUDA and OHTSU (1999, 2003) and MEIRELES et al. (2005) applied the momentum equation 
taking into account that the pressure distribution was non-hydrostatic at the upstream end of the 
hydraulic jump. MEIRELES et al. (2005) and CARDOSO et al. (2007) studied a simple hydraulic 
jump basin and a baffle basin, respectively. Expressions to determine mean pressure head along the 
basins have been proposed in both studies. CARDOSO et al. (2007) also presented flow depths and 
compared jump and roller lengths with values for the classical USBR basins. 
Notwithstanding these past studies, a systematic presentation of the main flow characteristics along 
USBR type III stilling basins downstream of steep stepped spillways has yet to be seen. The 
purpose of this study is to understand the behaviour of the flow along this type of structures by 
observing the experimental profiles of mean pressure head and flow depth, and by comparing the 
performance of: 
- USBR type III basins downstream of stepped spillways for different discharges; 
- USBR type III basins downstream of stepped spillways with the guidelines proposed by 
PETERKA (1958) for USBR type III basins downstream of smooth spillways; 
- USBR type III basins with simple hydraulic jump basins downstream of stepped spillways; and 
- USBR type III basins with and without the initial chute blocks immediately downstream of 
stepped spillways. 
 
EXPERIMENTAL SETUP 
A facility assembled at the National Laboratory of Civil Engineering (LNEC, Portugal) was used to 
conduct the experimental study. The installation comprises a stepped chute 2.90 m high, 1.00 m 
wide, with a slope of 1V:0.75H, 4 cm high steps, and a stilling basin 5.00 m long and 1.00 m wide, 
whose appurtenances have been designed according to the USBR recommendations for type III 
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basins (Fig. 1). A total of 13 chute blocks and 9 baffle piers were installed equidistantly. Because of 
the stepped spillway surface, the chute blocks could not be installed in an inclined plane, as 
recommended by the USBR for smooth chutes. However, in skimming flows, the modified chute 
blocks adopted in the present study are expected to behave similarly as the conventional chute 
blocks proposed by the USBR for smooth chutes. The calculations were done based in basin inflow 
conditions determined from empirical expressions developed by MEIRELES (2004) for skimming 
flows over stepped spillways, leading to a 25% reduction in the basin length when comparing with 
a basin designed to be downstream of a similar smooth spillway.  
The mean pressure head was obtained from 40 piezometric taps installed on the stilling basin floor 
and connected to a piezometric panel: 28 piezometric taps were located in the symmetry plane and 
12 were located 3 cm apart from the centreline. In order to avoid the presence of air inside the 
piezometers tubing, a water cushion was imposed in the stilling basin prior to each experimental 
test, by closing the gate located at the downstream end of the stilling basin. Subsequently in all 
tests, the absence of air in the piezometers tubing was carefully checked. Mean flow depths were 
measured by visual observation through the basin sidewall rulers, corresponding to bulked depths, 
namely in the roller region. 
Measurements along the stilling basin were collected for a range of discharges corresponding to the 
skimming flow regime over the approaching chute. In a typical prototype with 60 cm high steps 
(i.e., model scale of 1:15), the tested data refers to Froude numbers of about 8, velocities up to 
18 m/s and unit discharges varying between 5 and 11 m2/s, within the range of application of USBR 
type III basins. Self-aerated conditions were observed near the downstream end of the chute, with 
mean air concentrations approximately equal to 0.6. 
For each discharge, Qw, the stilling basin was tested for full conjugate tailwater depth (which is the 
conjugate depth of a free hydraulic jump), as recommended by PETERKA (1958) for the design of 
USBR type III basins. 
 
Fig. 1 - USBR type III stilling basin downstream of the stepped chute: a) basin characteristics; b) 
hydraulic jump for Qw = 140 l/s (dimensions in cm). 
a) 
 
b) 
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RESULTS AND DISCUSSION 
New pressure distribution and flow depth data were collected for a USBR type III basin 
downstream of a stepped spillway (referred to as STEPPED type III basin for ease of use). 
Profiles of mean pressure head, P/(ρwg), and flow depth, d, in function of the distance from the 
intersection of the pseudo-bottom with the stilling basin, s, for the STEPPED type III basin are 
presented in Figure 2. Overall the pressure head results are in accordance with the conclusions 
drawn by MEIRELES et al. (2005) for simple hydraulic jump stilling basins downstream of stepped 
chutes (STEPPED type I basins), in particular: (i) the pressure head along the stilling basin 
increases with discharge; and (ii) at the impact region, the pressure head is significantly larger than 
the corresponding value for an hydrostatic pressure distribution. It is also observed that for all of the 
tested discharges the minimum pressure head occurs downstream of the baffle piers, around s = 50 
cm, but is still much higher than the atmospheric pressure. Similarly, as with the pressure head, the 
flow depth along the stilling basin also increases with discharge. At the upstream end of the basin, 
where the flow is chaotic and highly turbulent, flow depth increases rapidly after which it decreases 
and stabilizes to a constant value at the end of the hydraulic jump. This pattern was observed for all 
of the tested discharges. Interestingly, in Figure 2a, the location of the maximum value of the 
pressure head seems to be independent of the discharge. Its value seems to increase with this 
parameter while the minimum pressure head appears to stabilize in value and position, since they 
have the same value for the two highest discharges. On the other hand, the rate of growth of the 
maximum value of the flow depth with discharge seems to be faster for smaller discharges (Fig. 
2b). Its position moves downstream with this parameter. However, the small number of tests may 
not allow to generalize these conclusions. Attention must be drawn to the possibility that the 
position of the piezometric taps may not have allowed to capture the minimum value of the pressure 
head along the basin. 
 
Fig. 2 - STEPPED type III basin: (a) pressure head; (b) flow depth. 
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For the two extreme discharges - 80 and 180 l/s – the pressure head and flow depth profiles along 
the STEPPED type III basin are shown in Figure 3. The following conclusions can be drawn: (i) the 
pressure head is considerably higher than the flow depth at the impact flow region due to the 
significant concavity of streamlines; (ii) immediately downstream, the flow depth is higher than the 
pressure head because of air entrainment and flow bulking, and the convexity of streamlines; (iii) 
further downstream, the flow depth and pressure head become virtually equal, as expected in the 
gradually varied flow region next to the hydraulic jump. 
The performances of different stilling basins were compared with that of the STEPPED type III 
basins, with regard to mean pressure head and flow depth. Below, a comparison is made with the 
USBR type III basin, a type I basin downstream of a stepped chute and the STEPPED type III basin 
without chute blocks. 
 
Comparison between USBR type III and STEPPED type III basins 
Along with flow depth and pressure head data acquired at the STEPPED type III basin, the profile 
proposed by the USBR for type III basins for both parameters is presented in Figure 3. The 
adjustment between flow depth in both basins is acceptable although for the USBR type III basin 
the peak is observed to be sharper and to occur upstream from the peak for the STEPPED type III 
basin. The pressure head profiles compare fairly well except at the entrance of the basin, where 
those observed for the STEPPED type III basin show considerably higher values than those 
suggested in PETERKA (1958). 
 
Fig. 3 - Comparison between USBR type III and STEPPED type III basins: flow depth and pressure 
head for (a) Qw = 80 l/s; (b) Qw = 180 l/s. 
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Comparison between STEPPED type III and STEPPED type I basins 
A comparison is made between the pressure head in the studied STEPPED type III basin and in the 
STEPPED type I basin studied by MEIRELES et al. (2005) (Fig. 4). The maximum values are 
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observed to be similar in both basins and minimum values in the STEPPED type III basin are not as 
small as in the STEPPED type I basin. The main difference, however, is that in the STEPPED type 
III basin the hydraulic jump stabilizes much faster than in the STEPPED type I basin. This 
conclusion is in agreement with the differences observed between USBR type I and III basins. 
 
Fig. 4 - Comparison between pressure head along the STEPPED type III and the STEPPED type I 
basins for (a) Qw = 80 l/s; (b) Qw = 180 l/s. 
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Fig. 5 - Comparison between STEPPED type III basin with chute blocks and STEPPED type III 
basin without chute blocks: flow depth and pressure head. 
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Comparison between STEPPED type III basins with and without chute blocks 
Results of flow depth and pressure head for the STEPPED type III basin with and without chute 
blocks are virtually equal (Fig. 5). PETERKA (1958) recommended the use of chute blocks at the 
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entrance of USBR type II and III basins to allow flow mixing, promote the formation of more 
energy dissipating eddies and help in the stabilization of the hydraulic jump. It is believed that the 
configuration of the steps along the chute helps in the mixing of the flow, eventually making the 
existence of chute blocks irrelevant to the flow characteristics along the stilling basin. 
 
CONCLUSION 
This study presents some relevant flow characteristics along a basin designed according to the 
recommendations for USBR type III basins design, and located downstream of a stepped chute. 
The main results are summarized as follows: (1) at the entrance of the basin, the pressure head is 
much higher than both the flow depth and the respective hydrostatic pressure; (2) the adjustment 
between flow depths along the studied basin and at a USBR type III basin is acceptable; (3) The 
pressure head profiles at the entrance of the STEPPED type III basin show considerably larger 
values than those suggested by PETERKA (1958), for USBR type III basins; (4) as between USBR 
type I and III basins, the hydraulic jump stabilizes much faster than in the type I basin downstream 
of a stepped chute; (5) the differences in the characteristics of the flow for the basin with or without 
chute blocks are negligible. 
It is acknowledged that the present study was limited to one chute step height and one type of 
stilling basin. Further investigations should be performed with different chute step heights and 
stilling basins to validate the findings for a wider range of combined stepped spillways and energy 
dissipators. In future work, it would also be interesting to extend the pressure field data, namely by 
using pressure transducers. 
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Abstract: A rooster tail characterizes the flow expansion downstream of rectangular dam spillway 
piers. In fact, especially for high Froude numbers, the jet trajectory shows a continuous oscillatory 
behaviour along the spillway. However, the jet impingement on the stilling basin can favourably 
increase the energy dissipation. Therefore, the correct assessment of the rooster tail characteristics 
is necessary to avoid some undesired effects and maximize the spillway discharge capacity. This 
paper aims to analyse the rooster tail characteristics downstream of chute expansion on a 50° slope 
using a scale model. The El Chaparral dam prototype is characterized by a maximum discharge of 
6700 m3/s and the presence of an aerator in the spillway central section further contributes to 
increase the elevation of the rooster tail. The main characteristics of the flow propagation, jet height 
and width, shockwaves and wave reflection on the model side wall for different Froude numbers 
and gate openings have been analyzed and a photographic analysis of the flow propagation 
characteristics has been performed. Results have also been compared with an equation developed 
for flow expansion downstream of chute pier for supercritical zero gradient bottom.   
 
Keywords: Rooster tail, Gate Spillway, Chute Pier, Aerator Ramp. 
 
INTRODUCTION 
Standing waves (i.e. rooster tails) generally occur downstream of chute piers. This phenomenon is 
mainly due to the fact that the confined flow expands downstream of the piers and impinges the 
flow exiting from the adjacent outlets thus generating a standing wave. In order to design the chute 
walls of the dam, particular attention has to be paid to the maximum height which standing waves 
can reach. An analysis of their geometric characteristics is thus of fundamental importance. In 
literature, very few studies are present dealing with this topic. In particular KOCH (1982), 
SLOPEK and NUNN (1989) and SCHWALT (1993) mainly analyzed the expansion of supercritical 
flows behind chute piers. In his study, KOCH (1982) proposed the use of a decreasing separating 
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wall to improve the flow out of a twin bottom outlet, placed downstream of the pier. Differently, 
SLOPEK and NUNN (1989) compared the freeboard estimated by means of empirical equations 
with prototype observation, showing that empirical equations overestimated the freeboard elevation, 
except when standing waves were present, owing the flow expansion downstream chute piers. The 
latter study, although dealing with the expansion of parallel flows merging in open channel, has not 
been considered as a flow expansion behind chute piers, owing the relatively small separating wall 
of 2 mm of thickness over a chute width of 500 mm, which has been employed between the two 
rectangular ducts. More recently, REINAUER and HAGER (1994) conducted experiments on a 
horizontal plane and studied the standing waves generated by piers. They observed the formation of 
two successive standing waves and analyzed their maximum heights and longitudinal extensions. 
They proved that the characteristics of the first wave depend only on the ratio between the approach 
flow depth and the pier width. On the other hand, they found that the second standing wave is also 
affected by the distance from the wall. In their study, REINAUER and HAGER (1994) also 
provided a design procedure to optimize the pier geometry. A sketch of the experimental apparatus 
of REINAUER and HAGER (1994) is shown in Figure 1, with the indication of the main geometric 
characteristics which were investigated. Namely, h0 is the flow depth in the transition section, x1a 
and x2a are the locations of the beginning of the first and second standing wave, x1m and x2m are the 
longitudinal locations of the h1m and h2m that are the maximum height of the first and second wave, 
x1e and x2e are the locations of the end of the first and second standing wave, respectively, and b0, bp 
and bw are the flow width between the piers, the pier width and the distance between the chute wall 
and the pier axis, respectively. 
 
Fig. 1 - Plan and longitudinal view of experimental apparatus used by REINAUER and HAGER 
(1994), with the indication of the main geometric and hydraulic parameters 
 
 
 
The present study provides an experimental analysis of standing wave formation downstream of 
piers in a dam model. The model included a deflector ramp and radial gates which contribute both 
to regulate and modify the flow characteristics and the inlet conditions. The aim of the present 
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paper is to investigate the geometric characteristics of the standing waves and understand the 
influence of the main hydraulic parameters on them. The experimental tests were conducted in a 
steep channel, whereas in previous studies (see REINAUER and HAGER, 1994) the phenomenon 
was analyzed in horizontal channels and in absence of the deflector ramp. 
 
EXPERIMENTAL SETUP 
The El Chaparral dam model (scale 1:75) has been used to carry out the experiments. The model 
was made of one rectangular Perspex sloped channel, 0.753 m wide, 1.084 m long and 0.45 m high 
with a slope of 50°. The channel and the downstream basin were made of Plexiglas in order to 
allow optimal visual observation of the phenomenon.  
At the distance of 0.237 m from section (0-0) (i.e. the section in correspondence with the 
downstream piers edges, see Figure 2(b), both a deflector ramp and an aerator are present. The ramp 
is 0.08 m long and its slope is 5.7° respect to the channel bed plane. The characteristics lengths of 
waves are reported in Figure 2. Figure 2(a) shows the longitudinal view of the model with the 
indication of the main parameters of the waves. x1 is the inception point distance of wave 1, x2 is 
the inception point distance of wave 2 and xm is the distance of the section in which the maximum 
rooster height occurs, h0 is the flow depth in section (0-0) and hm is the maximum height of the 
rooster tail. All the previous distances are measured from section 0-0. For the tested model, the first 
wave is considerably smaller than the second one. Figure 2(b) shows a plan view of the model. 
Figure 2(c) shows a longitudinal profile of the standing wave. The model set-up apparatus is shown 
in Figure 3. To obtain a stable inflow condition at the beginning of the spillway, the water was 
discharged in an upstream horizontal rectangular channel 1.2 m wide, 6.0 m long and 0.6 m high. 
The flow depths were measured using a point gauge with a precision of 0.1 mm. The crest of the 
spillway has a Creager profile with four gates. Flow discharges were measured by means of a rating 
curve based on volumetric discharge measurements of accuracy of 2%. Once the discharge was 
fixed and all the conditions were stable, the gate opening Ω, defined as the vertical distance 
between the crest and the gate’s lower edge, was regulated according to the desired test conditions. 
Each gate is 0.153 m wide and 0.23 m high. There are three piers whose width is 0.047 m. Figure 4 
shows the longitudinal sketch of the physical model.  
 
Fig. 2 - (a) Longitudinal and (b) Model plan view; (c) Longitudinal profile of the standing wave 
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Fig. 3 - El Chaparral dam model set-up: a) downstream view, b) gates particular view 
 
        
 
Fig. 4 - Longitudinal view of the physical model 
 
 
 
Table 1. Experimental conditions of series 1           Table 2. Experimental conditions of series 2 
 
 
Discharges up to 102.6 l/s were tested. Two series of tests have been conducted. The first series 
(series 1) included the tests with fully open gates whereas the second series (series 2) involved the 
tests with partially closed gates. In both series of experiments, the width of piers was constant. The 
approach Reynolds number varied from 4.6E+4 to 1.3E+5. Series 1 experimental detail are shown 
in Table 1, whereas experimental details of series 2 tests are shown in Table 2.  
Figure 5 shows a side view of the rooster tail formation on the spillway for (a) F0=V0/(gh0)0.5=3.62 
and series 1, (c) F0=3.27 and series 1, (d) F0=4.13 and series 2, (e) F0=2.77 and series 2, (f) F0=3.22 
and series 2. As it can be observed, in the sloped spillway, the geometry of the standing waves 
Q (l/s) bp (m) h0 (m) V0 F0 
R0 * 
10 -4 
30.8 0.047 0.027 1.86 3.62 4.6 
41.1 0.047 0.035 1.92 3.27 5.9 
51.3 0.047 0.044 1.91 2.90 7.1 
61.6 0.047 0.050 2.01 2.87 8.4 
82.1 0.047 0.062 2.16 2.77 10.8 
102.6 0.047 0.077 2.18 2.51 12.9 
Q (l/s) 
 
Ω (m) bp (m) h0 (m) V0 F0 
R0 * 
10 -4
30.8 0.04 0.047 0.025 2.01 4.06 4.6 
41.1 0.055 0.047 0.030 2.24 4.13 6.0 
51.3 0.07 0.047 0.039 2.15 3.47 7.3 
61.6 0.085 0.047 0.045 2.24 3.37 8.6 
82.1 0.11 0.047 0.055 2.44 3.32 11.0 
102.6 0.12 0.047 0.065 2.58 3.23 13.4 
(a)  (b)  
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differs from that found by REINAUER and HAGER (1994). Indeed the phenomenon is 
characterized by a first standing wave which is considerably smaller with respect to the second one 
(Fig. 5(b)).  
Thus the maximum height for the analyzed model occurs always in correspondence with the second 
standing wave. Figure 6 (a-b) shows the comparison between the geometries of the standing waves 
which were observed for different discharges, for the case in which the radial gates were completely 
open (Fig. 6(a)) and the case in which they are partially closed (fig. 6b). It can be seen from Figure 
6(a) that increasing the h0 (which leaded to a decrease of the Froude number in the section 0-0, 
owing the presence of a gradually varied flow characterised by a slow transition between the 
spillway crest and the section 0-0), the height of the second wave considerably increases, up to 
reach the maximum value in correspondence with the maximum discharge. Moreover, it is clearly 
visible that the inception point is always located before the ramp, thus the effect of jet deflection is 
partially reduced. In Figure 6(b), the same comparison was done for the cases in which the radial 
gates were partially closed. The same considerations made above are still valid, but in this case the 
inception point generally shifts downstream. This occurrence has a great influence on the standing 
wave geometry. Indeed, in this second case, practically the first standing wave is almost absent, and 
the ramp has a considerable effect as it strongly deflects the jet, increasing the wave height for the 
same discharge conditions. This is mainly due to the fact that the gates contribute to deflect 
downward the exiting jet increasing both jet velocity and F0. 
 
Fig. 5 - Rooster tail side view for: (a) F0=3.62 and series 1, (b) two waves formation on the ramp 
(detail for F0=3.27 and series 1), (c) F0=3.27 and series 1, (d) F0=4.13 and series 2, (e) F0=2.77 and 
series 2, (f) F0=3.22 and series 2 (flow from the left) 
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Fig. 6 - Maximum height of rooster tail for different Froude numbers for experiments of (a) series 1 
(radial gate fully open) and (b) series 2 (radial gate partially open) 
 
 
 
Fig. 7 - Comparison between maximum heights of rooster tails for experiments of series 1 and 2, 
for the same discharges tested 
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Figure 7(a-f) compares the geometry of the standing waves for the same discharges but in the cases 
in which the radial gates are either totally or partially open. It is worth observing that, owing the 
radius differences between piers and abutment upstream radius, for F0<2.8, the standing wave 
presents a oscillatory behavior (Fig. 8), whose oscillation frequency reduced as F0 increases. The 
presence of the wave oscillation must be carefully taken into account, since the rooster tail can 
eventually overtop the wall. 
 
Fig. 8 - Rooster tail oscillation for F0=2.77 and series 1 
 
 
 
Fig. 9 – (a) hm/h0 versus h0/bp and (b) hm/h0 versus F0 for series 1 
 
  
 
Successively, the ratio hm/h0 relative to experiments of series 1 was put in function of the variable 
h0/bp (see Fig. 9a). It was observed that it is an increasing monotonic function of the independent 
variable, thus confirming the findings of REINAUER and HAGER (1994) for F0<5. Moreover a 
further comparison was done in order to understand the relationship between hm/h0 and F0. In this 
case it was observed that hm/h0 decreases with increasing F0 (Fig. 9b). This is mainly due to the fact 
that in the considered section 0-0, F0 decreases with increasing discharge, thus the ratio hm/h0 
increases with increasing water discharge. Two experimental equations were proposed in order to 
estimate hm/h0 both in function of h0/bp and of F0, namely Eq. (1) and Eq. (2): 
 93.034.1 0
0
+⎟⎟⎠
⎞
⎜⎜⎝
⎛=
p
m
b
h
h
h
 (1) 
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The data of both the two series of experiment were compared with those of REINAUER and 
HAGER (1994). Namely, REINAUER and HAGER (1994) proposed an equation in order to 
evaluate the ratio h1M/h0, in which h1M was defined as the plateau wave height. They showed that 
for F0>5 the height of the waves reaches a maximum constant values. Comparing the result of the 
first series with the equation of REINAUER and HAGER (1994), it can be observed that data all 
fall just below the proposed curve (see Fig. 10). This confirms that also varying the configuration of 
the model and even if there is the presence of the ramp the maximum ratio hm/h0 is not bigger than 
that estimated by REINAUER and HAGER (1994). Vice versa, this statement is not confirmed for 
the data of series 2 which fall above the curve. This is due to the fact that in this case the ramp 
deeply affects the wave geometry and contributes to deflect upward the jet, increasing the wave 
height. Indeed, in this case the inception point shifts downstream, thus contributing to amplify the 
aforementioned effect.  
 
Fig. 10 - Comparison of data of both Series 1 and 2 with REINAUER and HAGER (1994) equation 
 
 
 
CONCLUSION 
The rooster tail formation downstream of chute for a 1:75 model scale dam was analysed. Results 
showed that the presence of the aerator ramp downstream the chute can increase the rooster tail 
height if the rooster tail inception point occurs over the ramp. Moreover, the maximum rooster tail 
height shows values smaller than that observed for rooster tail in flat bottom channels. Differently, 
in case in which the inception point is close to the ramp, the maximum rooster tail heights are 
higher than the flat bottom plateau values, even if F0<5.    
It is worth noting that scale effect are presents and that in the prototype the rooster tail will assume 
less values that those obtained in the model. Finally, further studies are required to better assess the 
effect of ramp position, ramp slope, length and spillway length on the rooster tail height.  
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LIST OF SYMBOLS 
b0 = flow width between two piers 
bp = pier width 
bw = distance between center of pier and channel wall  
F0   = Froude number at section 0-0 
h = flow depth  
h0 = flow depth at section 0-0 
hm  = maximum height of the rooster tail 
h1m  = maximum height of the first wave  
h2m  = maximum height of the second wave  
Q = flow discharge 
R0  = approach Reynolds number (section 0-0) 
V0    = approach flow velocity (section 0-0) 
x1   = distance of the inception point of the first wave from section 0-0 
x2   = distance of the inception point of the second wave from section 0-0 
x1a  = beginning of the first wave from piers end section  
x2a  = beginning of the second wave from piers end  
x1e  = location of the end of the first wave  
x2e = location of the end of the second wave  
x1m = location of h1m  
x2m = location of h2m 
xm  = distance of the maximum rooster height from section 0-0 
Ω = gate opening 
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HYDRAULIC STRUCTURE PHOTOGRAPHS 
 
Fig. HS02 - Tillot dam stepped spillway (France) in Jan. 1997 (Photograph by Hubert CHANSON) 
- Completed in 1835, the dam and reservoir were built for the water supply of the canal de 
Bourgogne 
 
 
Fig. HS03 - Morning Glory spillway intake at Chaffey dam (Australia) on 14 June 1997 
(Photograph by Hubert CHANSON) 
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Abstract: Plunge pool scour is an important phenomenon as it involves risk of structural damage 
due to high velocity impact jet. The paper analyzes the pressure field created below the scour hole 
due to plunging jets. An experimental study was carried out at the Hydraulic Laboratory of the 
University of Pisa, Pisa (Italy). The pressure below the scour hole depends on several parameters, 
such as jet discharge, jet angle, tailwater level, densimetric Froude number, granulometric 
properties of the basin material. Experiments were carried out to measure the pressure at different 
grid points and develop relationships to predict the pressure field below the scour hole as well as 
the dynamic equilibrium configuration of the scour hole surface. 
 
Keywords: Pressure distribution, Jet, Scour. 
 
INTRODUCTION 
A plunge pool downstream of trajectory spillways often leads to high energy dissipation and deep 
scour hole with significant dynamic forces on the scour hole bottom. In presence of loose material 
(crushed rock), the jet effect maximizes the scour hole, undermines the footing resistance as well as 
damages and reduces the stability of side banks. The impinging jet generates high dynamic pressure 
over the bed material, which can be transmitted deeper inside the bed material and increase the 
scour propagation. Moreover, the rise of the neutral pressure inside the bed material reduces the 
effective stresses. As a first consequence, the ground bearing capacity is strongly reduced, 
involving dangerous failure mechanism of the pool protection structures eventually present inside 
the loose material. Therefore, knowledge of the pressure propagation over and inside the bed 
material is necessary for design.  
The effects of the various parameters were systematically investigated to understand the scour 
features and their influence on the scour amplitude and geometry. The scour features, such as the 
pressure distribution inside the stilling basin, mainly depend on the jet impact angle, the air content, 
the tailwater depth, the jet velocity and the particle size. The pressure distribution over a plunge 
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pool scour hole under several jet conditions has been investigated over the last years. Those studies 
mainly focused on problems related with concrete stilling basin, slab lifting forces, or pressure 
propagation in jointed rocks. FIOROTTO and RINALDO (1992) showed the typical effect of 
dynamic forces on the stilling basin. The effect of the dynamic forces was defined by a pressure 
coefficient (i.e. the ratio between the head drop and the dynamic pressure fluctuation). A systematic 
study on the pressure effect in plunge pool floor has been developed by ERVINE et al. (1997). 
Using a circular unsubmerged jet the authors experimentally evaluated the mean dynamic pressure, 
the fluctuation and the flow patterns of the impinging jet as a function of the ratio between the pool 
depth and the nozzle diameter and the air entrained by the jet. Similar approaches have been made 
by BOLLAERT et al. (2004), PUERTAS and DOLZ (2005), MANSO et al. (2007) for flat pool or 
real-life pool in jointed rocks, leading to the conclusion that the pressure coefficient is reduced with 
increasing water cushion depth.  
Despite of the large number of studies which were conducted for a large variety of geometric and 
flow conditions, such as distinct jet shapes, black water or air-water jets, submerged or 
unsubmerged, fully developed or compact, a limited number of studies have been carried out in the 
presence of crushed rock or loose bed material, leading to the maximum scour effect. 
The present work investigates the effect of the former parameters on the mean pressure distribution 
inside a crushed material stilling plunge pool under black water submerged jet flow conditions. 
Measuring the pressure field inside the loose bed material made it possible to develop relationships 
for predicting the pressure propagation inside the pool material and the pressure distribution on the 
surface of the scour hole. 
 
EXPERIMENTAL SETUP 
The experiments were carried out in a rectangular channel 0.80 m wide, 0.90 m high and 6 m long. 
A vertical wooden plate of the same height as the channel was used to narrow the channel to ensure 
a two dimensional scour condition selected as the first approach to the investigation of pressure 
propagation inside the basin material. The final model had the following dimensions: 0.20 m wide, 
3.00 m long and 0.90 m high. One uniform granular material was used to simulate the crushed bed 
downstream of the dam spillway whose granulometric characteristics are: d90=11.63 mm, σu=1.13 
and γs=2453 kg/m3 where dxx is the diameter for which xx% is finer, σu=(d84/d16)0.5 is the uniformity 
coefficient of the bed material, and γs is the specific weight of the bed material. A circular pipe of 
an internal diameter D=0.027 m was used to achieve different jet positions and angles. In the 
current study, three different impact angles were investigated: 45°, 60°, and 75°. The jet water 
discharge was varied from Q=0.0025 m3/s to Q=0.0044 m3/s. The channel bed was leveled to 
maintain the same original bed before starting each test. Experiments were carried out for Tw= 
h0/D=7 to maintain submerged conditions and to avoid air entrainment inside the piezometers, 
where h0 is the water depth over the original channel bed level and D the jet diameter. Tw was 
maintained constant during the tests by operating a sluice gate located at the downstream end of the 
channel. 
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After finding out the "reference" values of the scour hole length la, maximum scour hole depth zm 
and the scour hole profile, a control grid defined by a number of control points was fixed below the 
scour hole (Fig 1a). In Figure 1(a), la is the scour hole length, li,2D is the distance between the origin 
of the scour hole and the fictitious point were the un-deflected jet would impact the original channel 
bed (dashed line), h0 is the tailwater level, zm is the maximum scour hole depth, x is the coordinate 
along the horizontal, l is the curvilinear coordinate from the scour hole origin. ΔP(y) is the time-
averaged extra pressure (i.e. the difference between the dynamic and the hydrostatic pressures) on 
the horizontal plane distant y from the maximum scour zm, ΔPpeak(y) is the maximum value of the 
time-averaged extra pressure field measured on identical y plane, and ΔPpeak(l) corresponds to the 
maximum value of the time-averaged extra pressure field measured on the scour hole surface. The 
coordinate x is taken positive in the longitudinal direction, according to the coordinate system 
shown in Figure 1(a). In the figure the + points represent the sketch of the piezometers positions, 
both along the scour hole surface and inside the granular material, up to the channel bottom. The 
mesh used in the test (i.e. 0.01-0.05 m vertical, and 0.05 m horizontal) varied according to the scour 
geometry.  
After the reference test, the piezometers and the pressure transducers were kept at those control 
points to get the pressure values below the scour hole. Two pressure transducers and a hydrometer 
with an accuracy of 0.1× 10-2 m were used to monitor the water level and the pressure continuously 
with the help of a data logger for 30 min test duration. The transducers were calibrated to get the 
actual pressure readings. Piezometer readings were taken after 20 min from the initiation of each 
test in a situation of scour equilibrium. The tailwater level was kept constant at Tw=7 for all the 
experiments. The jet was submerged in all the cases to ensure that there are no air bubbles inside 
the base material that could affect the measured pressure value.  
 
Fig. 1 – (a) Diagram sketch and notation; (b) Dynamic scour configuration with scoured material 
movement at 20 minutes (in the center is evident the rotating material inside the pool scour) 
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RESULTS AND DISCUSSION 
Reference test 
First some "reference tests" were carried out for different discharges (2.5 l/s<Q<4.4 l/s) and jet 
impact angles (45°<α<75°) to find out the maximum scour hole depth zm, the longitudinal length of 
scour hole la and the scour hole profile, for each hydraulic and geometric configuration tested. 
Figure 1(b) shows the dynamic scour configuration, for the reference test Q=3.5 l/s and α=60°, after 
20 minutes. The figure shows a considerable amount of bed material in rotation downstream of the 
jet, whose effect on the surface pressure will be further discussed.  
The non dimensional fictitious point Li,2D=li,2D/D can be calculated by the relationship proposed by 
PAGLIARA and PALERMO (2008) and given by: 
 ( )( ) ( )2i,2D d90 wL 0.136F 5.684 0.0136T 0.977 0.0003α 0.042α 2.234= + + ⋅ − +  (1) 
while the non dimensional scour hole length La=la/D can be calculated as  
 ( )
90a d
L 2.5 1 1.5exp 0.03 F⎡ ⎤= + − α⎣ ⎦  (2) 
in which Fd90=Vw/(g’d90)0.5 is the densimetric Froude number, with Vw=Q/(πD2/4) the jet velocity, 
Q is the black water discharge, and g’=[(ρs-ρ)/ρ]g the reduced gravitational acceleration with the 
densities ρs and ρ of sediment and water, respectively. 
 
Time dependence of the developed pressure below the scour hole 
Few tests were carried out to verify the temporal evolution of the pressure during the experiments. 
According to PAGLIARA et al. (2008), the scour temporal evolution shows an initial fast 
development in the first 40-60 seconds, as a function of the tested characteristics.  The extra 
pressure has been calculated subtracting the static head above the transducer, due to the tailwater 
level, from the total pressure measured by the pressure transducer. Figure 2(a) shows the temporal 
variation of the measured extra pressure ΔP(t) in m×10-2 and the time-averaged extra pressure ΔP(y). 
The plot clearly shows a transient (about 150 seconds) in which the extra pressure ΔP rapidly 
increases in the granular material while the scour develops. Note that the time-averaged extra 
pressure ΔP is defined as the time-averaged static component of the measured pressure at y position 
from the maximum scour, minus the hydrostatic pressure equal to h0+zm+y. The average extra 
pressure ΔP reaches a constant value when the scour development raises about the 80% of the 
equilibrium scour (about 200 seconds). The fluctuations near the average value indicate a combined 
effect of the material rotation in the dynamic scour configuration coupled with the turbulence of the 
flow due to the plunging jet. Since the scour geometry tends to a dynamic equilibrium 
configuration, the extra pressure tends to show a greater fluctuation near the scour hole surface, 
with a variance ranging from 1.2 ×10-2 m at the first stage, to 1.6 ×10-2 m when the scour hole 
reaches the maximum value. Pressures were also measured in the transverse direction to the jet, for 
constant x and y position. The results plotted in Figure 2(b) shows that the average extra pressure 
ΔP remains almost constant along the channel width B.  
Differently, the deeper is the transducer position, the lesser are the fluctuations, with a variance 
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almost constant and equals to 0.08 ×10-2 m. As no temporal variation in the pressure was observed 
after 600 second (10 min), only one reading was taken after 20 min instead of taking a number of 
readings at different time steps. 
 
Fig. 2 – (a) Temporal variation of the extra pressure ΔP(t) for α=60° and Fd90=15.43 (Test 5),   at 
y=2 ×10-2  m ( ) and y=18 ×10-2 m ( ), in the transversal section of maximum scour; (b) 
Pressure profile in the transverse direction (showing the 2D behavior)  
  
 
Extra pressure field and horizontal pressure profiles 
Figure 3 shows the measured extra pressure distribution field for different jet angle α and 
densimetric Froude number Fd90. In the plot the dashed lines are relative to the original bed position 
and the continuous line represents the dynamic scour hole after 20 minutes. The + symbols 
represent the actual piezometer positions. Isobars, drawn by means of a cubic interpolation, 
represent the actual time-averaged extra pressure ΔP measured in m×10-2.  
For a constant angle, the greater is the densimetric Froude number, the greater is the scour hole and 
the greater is the jet extra pressure, while increasing the jet angle from 45° to 75°, the peak pressure 
reaches the maximum value for 60° and then again decreases for 75°. According to MELO et al. 
(2006), the peak pressure locates in the stagnation point. The presence of the recirculating materials 
shifts both the maximum scour and the peak extra pressure positions downstream of the intersection 
of the fictitious jet trajectory and the scour hole surface, especially for lower jet angles.  
According to LIN and LIAN (1988), and MELO et al. (2006), in presence of high cushion depth, 
the pressure coefficient profiles follow a Gaussian trend which is given by the first order gauss 
equation 
 ( )
2
p p
p p(peak)
L L
C =f x =C exp
σ
⎡ ⎤⎛ ⎞−⎢ ⎥−⎜ ⎟⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦
 (3) 
where Cp=ΔP/(Vw2/2g) is defined as the ratio between the measured time-averaged extra pressure 
ΔP and the jet energy, (Vw2/2g), pL  and σ are the coefficients of the Gaussian distribution defined 
below. Lp is defined as the ratio between the longitudinal position and the scour hole length x/la. Lp 
is zero at the vertical plane which passes through the fictitious point of jet impact with the original 
bed level. The non-dimensional center of the Gaussian distribution p aL =x/l , in which x  is the 
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longitudinal coordinate where the maximum extra pressure occurs, can be evaluated as: 
 
2
d900.04α+0.0013F
pL =2.28e
⎡ ⎤−⎣ ⎦  (4) 
 
Fig. 3 - Measured extra pressure ΔP in dynamic equilibrium condition for reference tests (pressure 
and axes in m×10-2) 
 
 
Horizontal pressure curves follow a Gaussian trend with their Cp(peak) and σ values depending on the 
distance from the maximum scour depth position. The same Gaussian curve well fits with all 
pressure points. To calculate the peak Cp(peak) and σ for different horizontal planes, different 
relationships are proposed:  
 1Bp(peak) 1C =A Y  (5) 
where A1, B1 are coefficients and Y=y/zm is calculated as the ratio between the distance of the 
generic horizontal plane from maximum scour depth horizontal plane to maximum scour hole depth 
value, zm.  
 ( )d900.015F1A =0.06α −  (6) 
 7 41 d90B = 0.025α+0.036F +0.34×10 α
−−  (7) 
The coefficient σ in Eq. (3) is calculated as: 
 2B2σ=A Y  (8) 
where, the coefficients A2 and B2 are given by: 
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 ( )
90
0.03α
2 dA =0.00084F +0.5  (9) 
 
12(0.11×10 )
d901.78F
2B =676.5α
−⎛ ⎞−⎜ ⎟⎝ ⎠  (10) 
As shown by Equations (5), (6 )and (7), for all the angles α, the peak pressure coefficient Cp(peak) 
reduces when the relative depth increases, while, for a constant angle, the curves are drawn down 
when the densimetric Froude number increases. This is due to the energy dissipation produced by 
the scour hole and energy dissipated by the mass movement in the dynamic scour condition. In fact, 
as the jet densimetric Froude number increases, the scour hole increases with the jet diffusion 
length. At the same time, increasing the jet angle, the jet travels in a lesser cushion, thus reducing 
the jet diffusion and providing a greater peak pressure coefficient. Unlike the peak coefficient, the 
variance σ tends to increase along with Y. In fact, the greater is the distance from the scour hole Y, 
the larger is the Gaussian curve, showing a higher pressure dissipation. Figure 4 plots the curves of 
Eq. (3) for different horizontal plane 0.53<Y<1.78, a jet angle α=45° and a densimetric Froude 
number Fd90=11.02. Eq. (3) fits well to the measured extra pressure in the central portion of the 
curves. 
 
Fig. 4 - Pressure profiles at different horizontal planes for 45° jet angle and 2.5 l/s discharge 
 
 
Fig. 5 - Scour hole profile and extra pressure ΔP(l) (m×10-2) at the scour hole surface for tests a) 
α=45°, and Q = 4.4 l/s, b) α=60°, and Q =4.4 l/s, and c) α=75°, and Q =4.4 l/s  
 
 
Pressure distribution along the scour hole surface 
It is also important to know the pressure distribution along the scour hole surface. Pressures along 
the scour hole profile were measured just below the surface of the scour hole. Figure 5 shows 
examples of the scour profile and the extra pressure distribution along the scour hole surface. In the 
figure, the time-averaged extra pressure ΔP(l) is plotted perpendicular to the curvilinear abscissa. 
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The non-hydrostatic pressure along the scour downstream to the jet tends to increase due to the 
material movement and the greater specific weight of the mixture (water with suspended gravel). 
Thus, two peaks can be observed (Fig. 5a, b and c), one caused directly by the jet momentum, and 
the second peak created by the vortex induced non-hydrostatic pressure. Experimental data show 
that, after 0.2Y below the scour, the effect of the material rotation on the extra pressure ΔP reduces 
and the extra pressure well fit the Gaussian equation. Therefore, the validity of the Eq. (3) should be 
limited between 0.2Y and 2Y  (the maximum tested relative distance), and a new equation to 
predict the peak extra pressure in correspondence with the scour hole surface Cp (peak) is a function of 
Tw+Zm, with Zm=zm/D as the non dimensional maximum dynamic scour depth:  
 2p(peak) W m W mC =0.001(T +Z ) 0.0371(T +Z ) + 0.367−  (11) 
From the previous equation (R2=0.8) one can observe a decreasing trend of Cp (peak) with maximum 
non dimensional scour hole depth, Zm in the tested range of parameters. The deeper is the scour 
hole, the greater is the energy dissipation, which results in the development of lower pressures at 
the scour hole surface. 
 
CONCLUSION 
The pressure distribution inside the bed material below a plane plunge pool scour hole was 
investigated for different jet densimetric Froude numbers and jet impact angles. Only one high 
tailwater was selected to keep the jet submerged thus avoiding air intrusion into the piezometers. A 
qualitative description of the pressure field development in presence of a plunging jet was given 
along with the isobar plots for different combinations of jet discharges and jet impact angles. 
Relationships were presented to calculate the pressure distribution on a horizontal plane at different 
vertical positions below the maximum scour depth position. The extra pressure distribution below 
the scour hole follows a Gaussian trend. Pressure distributions along the scour hole surface were 
also investigated. Similarly to former studies, the peak coefficient decreases as the scour increases. 
Finally, a new formula was developed for the peak pressure on the scour hole surface as a function 
of the tailwater level and maximum scour hole depth. Further studies can be done varying 
granulometric properties of the basin material and the tailwater depth to extend the current 
knowledge on plunge pool pressure problem. 
 
LIST OF SYMBOLS 
A1, B1, A2, B2 coefficients; 
Cp  pressure coefficient, ΔP/(Vw2/2g); 
Cp (peak) peak pressure coefficient;          
dxx   diameter for which xx% of the sediment is finer; 
f  function of; 
D  jet diameter; 
Fd90  jet densimetric Froude number, Vw/(g’d90)0.5; 
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g  gravitational acceleration; 
g’  reduced gravitational acceleration, [(ρs-ρ)/ ρ]g; 
h0 water depth over channel bed level;   
l  curvilinear coordinate; 
La  non dimensional scour hole length, la/D; 
Li,2D non dimensional distance from the origin of the scour hole and the fictitious jet impact point 
on the original channel bed level, li,2D/D;  
Lp  ratio between longitudinal position and the scour hole length, x/la; 
pL   coefficient of Gaussian distribution; 
Q  jet discharge; 
Tw  tailwater; 
Vw   jet velocity; 
x,y  horizontal and vertical coordinates, respectively; 
x   longitudinal coordinate where the maximum extra pressure occurs; 
Y  ratio of distance of the horizontal plane from maximum scour depth position to maximum 
scour hole depth, y/zm; 
Zm  relative maximum scour hole depth, zm/D; 
α  vertical jet angle; 
γs  specific gravity of basin material; 
ρs, ρ  densities of sediment and water, respectively; 
σ  coefficient of Gaussian distribution; 
σu   uniformity coefficient of bed material; 
ΔP  extra pressure. 
 
REFERENCES 
BOLLAERT, E.P.R., MANSO, P.A., and SCHLEISS, A.J. (2004). “Dynamic pressure fluctuation at real-life 
plunge pool bottoms.” Proc. Intl. Conf. on Hydraulics of Dams and River Structures, Tehran, Iran, 
Balkema Publ., The Netherlands, F. YAZDANDOOST and J. ATTARI Editors, pp. 117-124. 
ERVINE, D.A., FALVEY, H.T., and WITHERS, W. (1997). “Pressure fluctuations on plunge pool floors.”  
Jl. Hydraul. Res., IAHR, Vol. 35, No.2, pp. 257-279. 
FIOROTTO, V., and RINALDO, A. (1992). “Fluctuating uplift and lining design in spillway stilling basins.” 
Jl. Hydraul. Eng., ASCE, Vol. 118, No. 4, pp. 578-569. 
LIN, J., and LIAN, J. (1988). “Calculation of the point area wall fluctuating pressure amplitude by two-
dimensional jet.” Proc., Intl. Symp. on Hydraulics for High Dams, Beijing, pp. 375-382.  
MANSO, P.A., BOLLAERT, E.F.R., and SCHLEISS, A.J. (2007). “Impact of turbulent high-velocity jets 
plunging in pools with flat bottom.” Exp. in Fluids, Vol. 42, pp. 49-60. 
MELO, J.F., PINHEIRO, A.N., and RAMOS, C.M. (2006). “Forces on plunge pool slabs: influence of joints 
location and width.” Jl. Hydraul. Eng., ASCE, Vol. 132, No. 1, pp. 49-60. 
PAGLIARA, S., HAGER, W.H., and UNGER, J. (2008). “Temporal evolution of plunge pool scour.” Jl. 
84 
Hydraul. Eng., ASCE, Vol. 134, No. 11, pp. 1630-1638.  
PAGLIARA, S., and PALERMO, M. (2008). “Plane plunge pool scour with protection structures.” Jl. Hydr. 
Env. Res., IAHR, Vol. 2, No. 3, pp. 182-191. 
PUERTAS, J., and DOLZ, J. (2005). “Plunge pool pressures due to a falling rectangular jet.” Jl. Hydraul. 
Eng., ASCE, Vol. 131, No. 5, pp. 404-407. 
3rd International Junior Researcher and Engineer Workshop on Hydraulic Structures, IJREWHS'10, R. JANSSEN 
and H. CHANSON (Eds), Hydraulic Model Report CH80/10, School of Civil Eng., The University of Queensland, 
Brisbane, Australia - ISBN 9781742720159 
 
85 
 
DISCHARGE CAPACITY OF CIRCULAR ORIFICES ARRANGED AT A 
FLUME BOTTOM 
Ricardo MARTINS 
Department of Civil Engineering, University of Coimbra, Portugal, rdd45466@student.dec.uc.pt 
Jorge LEANDRO 
Department of Civil Engineering, University of Coimbra, Portugal, leandro@dec.uc.pt 
Rita CARVALHO 
Department of Civil Engineering, University of Coimbra, Portugal, ritalmfc@dec.uc.pt 
 
Abstract: The International Panel for Climate Change report generated a growing concern on how 
climate change will affect the design of our sewer systems with the prediction of precipitation’s 
intensity increase and consequent number of flooding cases. In addition, real data is hazardous to 
obtain, hence good data for validation of hydraulic drainage model is either scarce or of pour 
quality. The aim of this work is to study and collect data on the discharge capacity of circular 
orifices, thus contributing to the validation of some of the simplifications found in hydraulic 
drainage models. The experiment replicates the conditions of a drainage system in a simplified road 
(0.5 m wide rectangular channel), and measures the flow through 6 (gutters) orifices (21 mm 
diameter) on the bottom and a weir downstream (100 mm height). Although the experiment 
geometry is simple, the results show that the fluid mechanics is complex and far from idealized 
potential flow. With an experiment equipped with an acoustic Doppler velocimeter (ADV) probe 
and several water resistive probes (WRP), water depths at six locations in the channel, and flow 
rates at the main channel and orifices were determined for a range of 1-12 l/s in the main channel. 
The global, row wise averaged and individual discharge coefficients were quantified, and a 
discharge coefficient for the downstream weir function of water depth is proposed. 
 
Keywords: Weirs, Outlets, Drainage, Flow coefficient  
 
INTRODUCTION 
The validation of hydraulic drainage models is a growing concern amid the increasing episodes of 
flooding worldwide. Though these models are used to predict flooding, their thorough validation 
has been inadequate due to scarcity of good data. Flooding is caused by short but intense rainfall, 
which is very hard to predict causing difficulty to the collection of good data (Hunter et al. 2008). 
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As an alternative, scaled models replicating drainage systems can be used to validate some of the 
assumptions in hydraulic drainage models. 
The study of discharge through orifices is based on theoretical assumptions that alone cannot 
reproduce all variables, hence, the need to complement the theory with practical studies or complex 
computational fluid dynamics (CFD) simulations (Sarker and Rhodes 2004). The best example is 
the flow coefficient that provides a simple approach to the problem. In 1643, Evangelisti Torricelli 
verified that there was proportionality between the square of the velocity (V) of a vertical jet and 
the height it could reach. Later it was confirmed by the Bernoulli principle that:  
HgV **2=  (1) 
where H is the height of water above the orifice, g is the acceleration due to gravity. 
Since this was only a theoretical velocity it was necessary to considerate contraction and a velocity 
reduction, applying continuity:  
HgACQ d **2**=  (2) 
where A is the area of the orifice, and the orifice discharge coefficient Cd given by:  
cvd CCC *=  (3) 
being Cv  the coefficient of velocity reduction that takes into account energy losses, and Cc  the 
coefficient of contraction that relates the cross sectional areas of the jet at the vena contraction with 
the orifice. Some values are proposed in the literature, e.g. for orifices on the bottom of reservoirs, 
it is accepted that Cd will be 0.6. However Chanson et al. (2002) demonstrated that the discharge 
coefficients is sensitive to the velocity field around and to the orifice geometry and showed an 
increased by 20 to 25% by inserting some 18 μm thick cellophane sheets between the stiffener 
edges and the orifice. 
In this paper, we propose to produce data (which in a field application would require a significant 
amount of instrumentation to be obtained) that can be used to validate some of the assumptions of 
hydraulic drainage models such as: orifices discharge coefficients, grouping of orifices, one and 
two dimensional simplifications of the flow, and upstream and downstream boundary conditions. 
The study included a rectangular channel with 0.5 m width, discharging from 1-12 l/s, with 6 
circular orifices, and a weir downstream. Velocities, water levels and discharges are obtained with 
ADV, WRP probes and by the volumetric method. The discharge coefficients of the orifices are 
obtained. 
 
EXPERIMENTAL SETUP 
Using the flume on the Laboratory of Hydraulics, Water Resources and Environment (University of 
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Coimbra), an experimental model made was built with acrylic sheets with 10 mm width, with 
dimensions 8 m x 0.5 m x 0.5 m and a bottom slope of 1% (Figure 1a). An acoustic Doppler 
velocimeter (ADV) and six water resistive probes (WRP) were placed in strategic places; the first 
WRP was placed at the beginning of the channel, the second and third WRPs were placed before 
and after the first row of orifices, the fourth and fifth WRPs were similarly placed before/after the 
second row of orifices, the sixth WRP was placed 1 meter from the downstream weir. The ADV 
was placed alongside the first WRP. Spike noise from ADV data was excluded by using the  
modified phase-space method of Goring and Nikora (2002) using the despiking toolbox of Mori et 
al. (2007). 
The flow in the main channel was verified by two methods, volumetric and velocity (ADV) times 
area (first WRP). The main channel flow was estimated using a 40 l recipient and verified with a 
flow-meter in the main water pipe supply. The six circular orifices discharges were measured using 
a 4.0 l container.  The six orifices with 21 mm diameter were placed in two rows of three orifices 
each along the channel. Each row had 1 orifice placed 125 mm from the wall of the channel and one 
central orifice placed 250 mm from the limits of the channel. The downstream weir was 100 mm 
high and 10 mm thick. Flows from 0.9 1/s to 12.1 l/s in the main channel were tested, and data 
collected from the WRPs, ADV and volumetric measures of the flow through each orifice.  
 
 
Three configurations of the open orifices were tested: 4 exterior orifices, simulating the positioning 
of the street gutters (orifices); both central orifices, simulating manhole with drain covers; and all 
orifices. Figure 1a shows the position of the orifices. Figure 1b validates the flow measurements. 
The data in the horizontal axis was collected by adding the volumetric measurement of the main 
Fig. 1a - Schematic representation of the 
experimental set-up 
 
 Fig. 1b – Validation of the flow measurements. 
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channel flow, at the downstream weir, with the flow through the orifices. The data in the vertical 
axis used the water depths collected by the first WRP and the velocity in the main channel 
measured by the ADV. The values presented were taken from the average reading of ten volumetric 
measurements at the weir and at the orifices. 
 
RESULTS AND DISCUSSION 
Results 
Figure 2 shows for the three studied configurations, the main channel flow and height of water in 
the channel in each WRP location. In all configurations studied, the water-depth rises with the 
increase of the main channel flow and along the flow direction. Indeed it was verified that for all 
conditions the water profile followed a S1 type of curve, and the critical submergence of each 
orifice was much smaller than the water depth hence explaining why the free surface rises in the 
downstream direction. This will be further discussed later on. 
 
Fig. 2 - Hydraulic head in probes for 6, 4 and 2 orifices open. 
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Figures 3a to 3f represent the hydraulic head over each orifice graphic on the Y axis and the flow 
through each orifice on the X axis. In each Figure equation (2) is presented with the orifice 
coefficient that best fits the data collected. The three selected configurations allowed a minimum of 
two independent data sets to calibrate each orifice coefficient. For example in Figure 3a the first 
orifice coefficient is obtained from the combined use of configuration of six open orifices (I 6.1) 
and 4 orifices open (I 4.1) where, in (I a.b), a is the configuration number and b is the orifice 
number. The dot-dashed curves represent the maximum and the minimum deviations from the 
average discharge coefficient in each configuration. For example in Figure 3b the upper dot-dashed 
curve represents the miminum coefficient of  0.293, while the bottom curve represents the 
maximum coefficient of 0.299. Each graph shows the correlation of the mean curve (R2). 
Table 1 summarises the orifices discharge coefficients. One of the simplifications found in 
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hydraulic drainage models (1D and 2D) is the grouping of orifices, either in a single global 
coefficient by weight averaging the coefficients square root between two rows, or in row average 
coefficients (row coefficient). The weighted average arises from the different row’s hydraulic 
heads. 
 
Table 1 – Flow coefficients of each orifice, row and global coefficients obtained by weight 
averaging with respect to the height square root  
 
 Orifice 1 Orifice 2 Orifice 3 Orifice 4 Orifice 5 Orifice 6 
Flow Coefficient 0.292 0.297 0.279 0.290 0.306 0.294 
   Row Coefficient  0.289   0.297  
   Global Coefficient   0.293   
 
Fig. 3a - Orifice 1 coefficient 
relations. 
Fig. 3b - Orifice 2 coefficient 
relations. 
Fig. 3c - Orifice 3 coefficient 
relations. 
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Discussion 
During a heavy flood event, the surface flood water exceeds largely the capacity of the gutters and 
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these remain fully submerged. In addition because of the distance apart two gutters (e.g. two 
opposite gutters), the discharge of one gutter is not likely to affect the other. It is clear that this 
study needs to address these two issues in order to truly demonstrate that it can represent a heavy 
flood event, and thus support its findings. 
The orifice coefficients vary depending on: [1] the location of the orifice, [2] the water depth above 
the orifice and [3] turbulence. Concerning the location of the orifice [1], firstly, it can be verified 
that the first row of orifices has a lower value of discharge coefficients than the second row. Indeed, 
this can be explained by the change in flow momentum upstream each orifice row; since the 
momentum in the first row is higher than in the second row, due to momentum loss when the flow 
passes the first row of orifices (1 to 3), the discharge through the second row of orifices must 
become higher than the first row. Secondly, the reason for the higher discharge of the centre orifices 
might be linked with differences in the velocity field (Chanson et al. 2002). Thirdly, one needs to 
study the effect of a possible error in the orifice radius of the experimental setup and understand 
how that could propagate and affect the discharge orifice calculation. Assuming a radius error in 
each orifice of ±0.10 mm, let us apply the error propagation formula in equation (2):  
 r
rgh
QC Δ−=Δ
3*
2
π  (4) 
Table 2 summarises the results. A maximum error of 0.012 is obtained for orifice 5 and a minimum 
value of 0.011 in the remaining orifices. While this may be sufficient to explain the difference 
found between orifices 4 and 6 it does not explain the difference found between orifices 1 and 3.  
The water depth above the orifices [2] was measured at the centre line, however it is well known 
that in experimental works intrusive probes and side-wall effects cannot be ignored. Indeed oblique 
waves were observed with some degree of asymmetry. This could lead to variations in the discharge 
coefficients; in particular it could explain the discrepancy found in orifice 3 that appears to be 
inconsistent with the other values in table 1 first row. Turbulence [3] is deemed responsible for the 
oscillations seen around the fitting curves proposed. Nevertheless care was taken to minimize its 
influence: first by setting a minimum length of data collection of about 2 minutes (despite the 
experiments being done for steady state), and secondly, by averaging all values. Overall it is clear, 
the non-linearity of the relation between the hydraulic head and the flow through each orifice, and 
thus the usefulness of the discharge coefficients found.  
Finally, it is important to justify the independency between orifices otherwise the discharge 
coefficients obtained could be affected by their proximity. Two extreme cases were analysed: 
minimum and maximum flow. It was found that in both cases the uniform height (hu) remained 
smaller than the critical height (hc). Hence, for a steep slope and a downstream weir height higher 
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than the uniform height, the channel profile type observed must be S1 (Potter and Wiggert 2002) 
thus the water depth must increase along the channel downstream direction. 
Using the Rankine half body of revolution (RHBR) equation proposed by Yildrim and Kocabas 
(1995) to estimate the ratio between the water depth above each orifice (hi) and the critical 
submergence (Sc), it is verified (table 3) that the RHBR in every case remains heavily submerged; 
for the maximum flow rate the water depth is 3.1 times higher than the submergence. Hence one 
can conclude that: firstly the orifices remain heavily submerged, secondly the discharges have 
negligible influence in the water surface profile and thirdly the orifices discharges are independent. 
 
Table 2 – Flow Coefficents error for a ±0.1mm error in the orifices radius. 
 
  Orifice 1 Orifice 2 Orifice 3 Orifice 4 Orifice 5 Orifice 6 
Flow Coefficient 0.292 0.297 0.279 0.290 0.306 0.294 
Error 0.011 0.011 0.011 0.011 0.012 0.011 
Maximum Flow Coefficient 0.303 0.308 0.290 0.301 0.318 0.305 
Minimum Flow Coefficient 0.281 0.286 0.268 0.279 0.294 0.283 
 
Table 3 – Uniform and critical depth, and submergence ratio using the Rankine half body of 
revolution for the maximum and minum flows used in the experimental set-up. 
 
     Channel slope Orifice submergence hi/Sc 
 Case Flow [l/s]  hu [m] hc [m] 1 2 3 4 5 6 
Maximum Flow 12.10 0.0311 0.0391 5.5 5.6 5.6 5.6 5.6 5.6 
Minimum Flow 2.41 0.0063 0.0070 3.2 3.1 3.4 3.4 3.2 3.4 
 
SUMMARY AND CONCLUSION 
The experimental set-up was able to replicate the conditions found on a simplified drainage system 
during a heavy flood event. The orifices remained heavily submerged and the orifice discharges 
were shown to be independent. The model comprised a rectangular channel with six circular 
orifices on the bottom that allowed different combinations of open orifices. The flow rates in the 
main channel ranged from 1 to 12 l/s. Flow rates at the main channel, orifices and at the 
downstream weir were determined, as well as the water depths in the main channel in five different 
locations. Three different combinations of open orifices were tested and the discharge coefficients 
for each orifice determined. In addition an equivalent single discharge coefficient was determined 
and two discharge coefficients for grouped row wise orifices. The following conclusions were 
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reached: 
• The first row of orifices has a lower value of discharge coefficients than the second row 
mostly because of the loss in flow momentum caused by the first row of orifices; 
• The discharge of the centre orifices is higher than the side orifices. This might be justified 
by differences in the velocity field; 
• The existence of oblique waves and intrusive probes in the channel are likely to explain the 
discrepancy found in the discharge coefficient of orifice 3; 
• Errors in the orifice radius of the experiment may explain the different discharge 
coefficients found for symmetrical side orifices. 
Further research will use the data collected herein for validation of some hydraulic drainage models 
assumptions such as: orifices discharge coefficients, grouping of orifices, one and two dimensional 
simplifications of the surface flow, and upstream and downstream boundary conditions. 
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Abstract: Due to rising transport rates on a global scale, dimensions of ships and other vessels keep 
constantly growing in order to guarantee transport efficiency. Supporting infrastructure in harbors 
has to be adapted and optimized according to new conditions. This paper considers and analyses the 
hydrodynamic processes of ship lock passage by means of a 1:52 scaled physical model. It focuses 
on the forces induced by the water flow around the ship hull depending on the ship’s navigational 
speed. The latter directly influences the duration of the locking process which is in the focus of eco-
nomical interests of local harbor industry. The aim of this study is to analyze the passage of the lock 
by new design ships. In detail a maximum ship velocity should be identified with that the ship will 
not contact the lock basement by dynamic down surge during the passage of the lock gate.  
 
Keywords: Lock hydraulics, Passage, Locking 
 
INTRODUCTION 
The river Weser connects Bremen with the North Sea. It has been regularly dredged to enable navi-
gation of ships larger than 200 m and with a draft of more than 9.0 m from the North Sea to inland 
harbors in Bremen. Since the river Weser shows moderate tidal effects, inland harbors are con-
nected by sea locks to assist navigational efforts and alleviate transshipments and logistics by reduc-
ing water surface motion in the harbor. The prototype lock gate is about 33 m in width and the tide-
influenced maximum water stage is approximately 13 m. The clearance around the ship, enabling 
the water-exchange between lock chamber and outer harbor, is the predominant factor controlling 
the maximum ship velocity during the locking process.  
Forces acting on ships of varying idealized geometry generated by passage are determined and illus-
trated by means of a physical model with the objective of assessing the navigability of new design 
ships with varying navigational speed (v = 0.1 m/s - 0.4 m/s) and load draft. The investigated ships 
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are listed in Table 1. The current design ship (Table 1, ship 1) is passing the outer lock gate with a 
mean velocity of approximately 0.25 m/s.  
 
Table 1 - Ship parameters in prototype dimensions for physical model investigations (ship 2 is not 
part of the investigations described in this paper) 
 
ship 
(1) 
dimension (L x W x D) [m] 
(2) 
1 225.0 x 32.3 x 9.45 
3 225.0 x 32.3 x 10.7 
4 190.0 x 29.2 x 11.2 
 
EXPERIMENTAL SETUP 
The forces acting on ships generated by passing the lock gate are determined by means of a physical 
model of the harbor 'Industriehafen' in the city of Bremen. The physical model investigations are 
carried out in a 20 m long, 0.98 m wide and 1.0 m deep current flume in the hydraulic laboratory of 
Franzius-Institute in Hanover at a scale of 1:52. Velocities and discharge amount will be analyzed 
according to Froude’s similitude (Fig. 1).  
 
Fig. 1 - Physical model setup in scale of 1:52 at Franzius-Institute Hanover – a) Ship in lock,  
b) Model detail of the ground geometry and excavations at the outer lock gate area 
 
a)  
b)  
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The principle of the experimental configuration is to install the ship at three fixed locations in the 
current flume (Fig. 2). The adjoining flow field is studied by means of steady-state physically simu-
lated equivalent discharge rates in the model being generated by the ship’s displacement and navi-
gational speed under natural conditions. This concept is based on the stationary continuity equation. 
A lock chamber can be simplified as a control volume limited at three sides and the bottom by an 
impermeable boundary, one permeable side wall and a free surface (still water level SWL) at the 
top (Fig. 3). A ship moving forward with the velocity v [m/s] is displacing a water volume and 
hence generating a flow rate 
[m³/s]  SAvQ ⋅= . (1) 
AS is defined as the ship’s cross-sectional area under SWL which may be approximated by 
][m²  wdAS ⋅=  (2) 
where d ist the ship’s draft and w its width, respectively. 
The increase of volume in the lock chamber during inbound process generated by the ships passing 
in the lock has to be decreased by a volume flow over the gate area next to the ship AG. The volume 
flow is delayed by a temporary lift of SWL in the lock chamber. 
 
Fig. 2 - Ship positions in the lock gate axis dur-
ing the measurements in a plan view 
 
2
1
3
outer harbor lock chamber
lock gate axis
excavation
 
Fig. 3 - Schematic visualization of the displace-
ment process in the lock chamber based on the 
continuity equation 
 
 
 
Discharges are controlled by an inductive discharge measurement device (IDM). An adjustable weir 
at the downstream end of the flume regulates the water depth in the outer harbor and mimics the 
tidal variations in the river Weser. The locking time is limited to the time frame resulting from suf-
ficient tidal water stages due to decreasing under keel clearance. 
All ships have a maximum tide based time window of 120 minutes for the passing process. The ob-
jectives are to analyze the forces generated by the water flow around the ship hull of varying ideal-
ized geometry while passing the lock and to assess the navigability in terms of ships with varying 
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navigational speed (v = 0.1 m/s - 0.4 m/s) and load draft. These measurements will be conducted for 
three ship positions with different influences on the flow field assumed in detail later (Fig. 2). 
A specially designed mechanical mounting system enables six degrees of freedom (DOF) motions, 
i.e. three translations of surge, sway, heave, and the three rotations of roll, pitch, and yaw (Fig. 4). 
Only five motions, namely heave, pitch, surge, yaw and sway are measured and consequently ana-
lyzed in order to deduce pressure decreases induced by the adjoining flow field. 
Surge, sway and yaw forces generated by the water flow around the ship hull are measured by three 
load cells assembled in the mounting system. Pitch and heave motion is detected at bow and stern of 
the ship by two distance laser. Rolling is not measured. 
 
Fig. 4 - Mechanical mounting system enabling six degrees of freedom (DOF) 
 
 
 
Differences in water level in the outer harbor and the lock chamber as well as the down surge at the 
outer lock gate will be detected by five water surface followers (wafo). The water level in the outer 
harbor is maintained constant during the model investigations. Small deviations caused by the mea-
surement equipment setup are computationally eliminated. Pressure distributions next to the vessel 
hull are measured by five pressure inducers installed at the gate. 
To compare the results from the three different ship types shown in Table 1, a dimensionless pa-
rameter Ablock is introduced representing the ratio of the ship’s cross-sectional area AS and the gate’s 
cross-section area AG 
[-]  
G
S
block A
A
A = . (3) 
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Table 2 - Dimensionless parameter Ablock for ship’s geometry according to Table 1 
 
 
(1) 
ship 1 
(2) 
ship 3 
(3) 
ship 4 
(4) 
Ablock 0.77 0.87 0.79 
 
The parameter Ablock arises out of a width of 35.1 m in the centerline of the outer lock gate and wa-
ter levels according to Table 1 of 11.3 m for ship 1 and 3 and 11.6 m for ship 4. 
 
RESULTS AND DISCUSSION 
This paper focuses on the water level differences in the lock chamber and the outer harbor and 
forces on the ship hull caused by the current regime around the design ship (Table 1, ship 1).  
Figures 5 to 7 show the different water levels, measured at each wafo position for the ship position 
1 (ship nearly complete in lock chamber), position 2 (center line of the ship at lock gate) and posi-
tion 3 (ship nearly complete in the outer harbor). For each condition the water level is plotted for 
vessels at rest and four different navigational speeds. 
 
Fig. 5 - Water level in outer harbor and lock 
chamber for different ship velocities (ship 1, 
position 1, ship passing out) 
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Fig. 6 - Water level in outer harbor and lock 
chamber for different ship velocities (ship 1, 
position 2, ship passing out) 
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The investigations indicate that the water level in the lock chamber decreases with increasing navi-
gational speed for each ship position. The intensity of decrease depends on the navigational speed. 
The relation between water level decrease and navigational speed is non-linear. 
The SWL for ship 4 differs from SWL for ship 1 and 3 because of guidelines concerning the large 
draft of ship 4. The water can flow easier along the ship hull and lock wall with the ship in position 
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1 and 3 because of little recesses in the lock gate geometry (Fig. 1b). These recesses are blocked by 
the ship itself in position 2.  
Furthermore the water level in the axis of the lock gate (wafo 3) is similar to the water level in the 
outer harbor (wafo 1 and 2) for position 1. However, the water level in position 2 and 3 is similar to 
the level in the lock chamber (wafo 4 and 5). This effect arises due to the simplified ship geometry 
and the resulting flow condition and can be evaluated as a tendency behavior of a passing ship with 
conservative results. 
 
Fig. 7 - Water level in outer harbor and lock chamber for different ship velocities (ship 1, position 
3, ship passing out) 
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A comparison between the water level in the lock gate area at wafo 3 and the dimensionless factor  
Ablock indicates a potential relation between these two parameters (Fig. 8). According to that an in-
crease of Ablock tends to result in a lower water level in the lock chamber for a comparison of ship 1 
(Ablock = 0.77) and ship 2 (Ablock = 0.79). For ship 3 (Ablock = 0.87) it was not possible to hold the wa-
ter level in the outer harbor constant. The water level increases in this area, lifts up the ship because 
of the buoyancy and changes the parameter Ablock. Ablock changed during the measurement. Thus, the 
curve 0.87 in Fig. 8 does not exactly represent this parameter. Consequently, the passage for ship 3 
with a velocity of 0.1 m/s is not possible. 
The failure of ship 1 in position 1 for the velocity v = 0.2 m/s, defined by ship – bottom contact, is 
shown in Figure 10. The gradient in the physical model is Δh ≈ 0.1 m equating a gradient of 5.2 m 
in nature. The ship has complete contact with the lock bottom: that is, this is the major failure in this 
situation. 
The measured forces on the ship hull depend on the water level differences in the lock gate area 
caused by the navigating ship. A higher water level in the outer harbor is generating a resulting 
force acting on the cross-section area AS pushing the ship back in the lock chamber.  
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The focus on the current-force normal to the passing direction of the ship is presented in Fig. 9. A 
positive magnitude represents a force in direction of the bulkhead and a negative one a force in the 
direction of the lock gate structure (Fig. 1b). 
 
Fig. 8 - Water level in the lock gate area for a 
various parameter Ablock 
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Fig. 9 - Current force normal to the passing di-
rection 
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Fig. 10 - Water level difference in the outer harbor and the lock chamber for ship 3 in position 1 
with v = 0.2 m/s. 
 
 
 
It is clear that the ship hull is minimally affected by forces normal to the passing direction in posi-
tion 3. Reason for this fact are bearing forces next to the ship resulting from the high water level. In 
position 1 the forces increase none linearly with an increasing ship velocity. The forces push the 
vessel in direction of the lock gate structure. Flow field observations prove this behavior. A large 
part of the current flows from the outer harbor on the bulkhead side of the ship in the lock gate area 
and emerges on the lock gate construction side in the lock chamber. Thus, the current crossed under 
the ship in the lock gate area. This happens because of the ground level geometry. 
The force in direction of the bulkhead in position 2 results from the roughness of the bulkhead it-
self. The current flow is blocked on this side of the ship. Hence, the lowest resistance is at the lock 
gate structure side and most of the water passes the lock gate axis here. The drop-off for the passing 
velocities 0.3 m/s and 0.4 m/s is caused by a ship-bulkhead interaction becoming more intensive 
 100 
with increasing passing velocities. This ship-bottom contact has to be evaluated as a system failure. 
Thus, a passing velocity of 0.3 m/s and higher is too fast for the passing process of the design ship. 
It has to be noted that the critical mean passing velocity for the design ship is limited to 0.25 m/s. 
 
CONCLUSION 
Critical structural configurations and combinations for the design ship passage in the sea lock are 
analyzed and pointed out. The design case for the passing design ship (Table 1, ship 1) is repro-
ducible, underlining the quality of the physical model. 
The relation between water level difference in the lock chamber and the outer harbor has an influ-
ence on the forces acting on the ship hull.  
If the dimensionless parameter Ablock becomes too large, a passage of the lock gate is not possible. 
There will be further investigations to this problem. 
Because of the lock gate geometry the flow field in the lock area is mainly influenced by the posi-
tion of the passing ship. The magnitude of the force intensity cannot be evaluated in detail as equiv-
alent information on the ship’s motorization are missing. Therefore, no proposition can be made 
whether or not the ship can securely pass the outer lock gate.  
The next step will be to compare these results with the conditions for the other ship geometries. 
Subsequently the differences between a passage out of the lock chamber in the outer harbor and the 
counter direction will be analyzed. 
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Abstract: Amongst other factors, the efficiency of pumped-storage power stations depends on 
losses induced at the hydraulic waterways. One part of the hydraulic waterways is the intake-outlet 
structure at the lower basin. In turbine mode, the aim of this structure is to generate a uniform 
velocity distribution and a sufficient pressure recovery at the outlet section. In a preliminary scaled 
model test an impact of centre-piles used as static support on the pressure recovery has been found. 
Experiments have been conducted to study the influence of the position of a centre-pile on the 
efficiency of outlet structures. The pressure drop and the velocities at the outlet have been 
measured. The results show that there is a positive influence of the centre-pile on the pressure 
recovery depending on its location. 
 
Keywords: Outlet Structures, Diffuser, Pressure Recovery, Pumped-Storage Power Station. 
 
INTRODUCTION 
In times of rising energy consumption, the contrast between peak and off-peak periods in the 
European power supply system is increasing. This causes a high demand for energy storing 
capacities to keep the network stable. However, pumped-storage power stations are today the only 
efficient way to accumulate significant amounts of energy. In order to satisfy this deficit new large 
pumped-storage power stations are under planning all over Europe. 
It is important to assure that these power stations work as efficient as possible, either for energy 
saving and related economic reasons, or mitigation of environmental impacts, and for preventing 
technical problems. Because of their high capacity, even a small enhancement in performance can 
produce an important benefit. The smooth operation of the hydraulic waterways of pumped storage 
power stations is one major part to guarantee a high efficiency. In the Theodor Rehbock hydraulic 
research laboratory scaled model tests for the expansion of the pumped storage power station of 
Vianden in Luxemburg have been carried out. By optimising the new intake-outlet structure of the 
station questions about how these big structures work in detail have been raised. To learn more 
about this kind of structures a project has been launched which deals with the hydraulics of intake-
outlet structures in big pumped storage hydropower stations, especially in turbine mode. 
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Fig. 1 - Sketch of a pumped storage power station with intake-outlet structure. Above: Longitudinal 
section. Below: Plan view. 
 
 
In turbine mode the aim of such structures is to decelerate the flow coming from the turbines by 
slowly expanding its section and therewith providing a homogeneous velocity distribution at the 
outlet. The results of the first series of experiments concerning intake-outlet structures will be 
presented in this paper. The investigations were carried out in a test apparatus assembled at the 
Theodor Rehbock Research Laboratory, in Karlsruhe, where the influence of centre-piles installed 
in the diffuser on the flow pattern and pressure recovery was evaluated. 
 
DIFFUSERS 
The aim of diffusers used in hydropower stations is to convert the kinetic energy of the fluid into 
potential energy, while providing a uniform velocity distribution at the outlet. The conversion of the 
energy is achieved by widening the cross-section of the diffuser with progressing length, leading to 
a continuous deceleration of the fluid and pressure rise. This effect is called “the pressure recovery” 
and is expressed by the pressure recovery coefficient Cp, which is described by the mean pressure 
p1 and velocity 1u  at the upstream section, and the mean pressure p2 at the downstream section of 
the diffuser. Cp is an important parameter to evaluate the performance of diffusers. 
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The efficiency of a diffuser largely depends on its flow regime (stall state) which depends on the 
geometry, the inflow and the exit conditions. Regarding the influence of the geometry, KLINE et al. 
(1959) found that the area-ratio (AR = A2/A1), along with the ratio of the length over the width of 
the inlet section (N/W1), are the major parameters describing the geometry of straight walled 
diffusers. 
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Fig. 2 - (A): Major geometry parameters of a diffuser; (B): Major stall states of a diffuser. 
(A)          (B)  
 
 
According to KLINE et al. (1959), four different major stall states can be observed in diffusers (see 
figure 2 (B)): 
a) No appreciable stall: The flow follows the widening of the section without appreciable separation 
from the walls. b) Large transitory stall: The flow separates from the walls. The flow is unsteady 
and extensive pressure fluctuations are observed. c) Fully developed stall: The flow attaches to one 
wall and on the other wall big steady separations are developing. d) Jet-Flow: The flow separates 
from both walls and back-flow areas occur on both sides. 
Based on a series of experiments RENAU et al. (1967) published a chart that shows the kind of stall 
state depending on the geometry. In figure 3 (A) the line a-a indicates the first appearance of 
appreciable stall. Above the line a-a large transitory-stall starts to appear and pressure becomes 
increasingly unsteady. Coming closer to line b-b the stall state becomes steady and fully developed. 
The change from fully developed stall to jet-flow is marked by a hysteresis-zone in which both 
cases can occur. According to RENAU et al. (1967) the pressure recovery directly depends on the 
stall regime which is shown in Figure 3 (B).  
Furthermore the shape of the diffusers side-walls also has an impact on its flow pattern. For 
example CARLSON et al. (1967) compared different bell-shaped and trumpet-shaped diffusers in 
laboratory experiments and MADSEN (1998) optimised the shape of the side walls of a diffuser by 
numerical calculations. Both could achieve small improvements in performance. 
As far as the inlet conditions are concerned, the performance of a little stalled diffuser is weakly 
affected by variation of Reynolds number as long as the wall boundary layer is turbulent, which is 
mostly the case for intake-outlet structures. 
A change in pressure recovery can also be caused by variation of the inlet boundary layer condition 
which is expressed by the boundary layer displacement thickness and the blockage parameter B 
which depends on the mean velocity 1u  and the maximum velocity maxu . [GERSTEN and 
PAGENDARM (1984)]: 
104 
 
max
1
u
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Fig. 3 – (A): Stall state depending on the geometry; (B): Characteristics of the pressure recovery 
dependent on the area ratio [RENAU et al. (1967)] 
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TEST APPARATUS 
The experiments were conducted at a test apparatus assembled at the Theodor Rehbock Hydraulic 
Research Laboratory in Karlsruhe. The test apparatus consists of four parts (see Figure 4 (A)) and 
its geometry has been chosen in such a way as to represent a typical intake-outlet structure by a 
scale of 1:25.  
The first part of the apparatus is a structure which was developed to provide uniform flow 
conditions at the inflow of the flume. It consists of a pipe of 0.5 m in diameter that merges into a 
diverging pipe diminishing the diameter to 0.2 m and accelerating the flow to produce a uniform 
velocity profile. Two screens in the first part of the structure are distributing the flow over the 
whole section. The second part of the apparatus is a rectangular pipe of 0.2 m side length. The 
length of the pipe is 1.7 m. Its aim is also to rectify the flow pattern approaching the test diffuser. 
To verify that the inlet conditions are satisfying, velocity profiles have been taken along the pipe. 
The third part of the apparatus is variable allowing the installation of different geometries of 
diffusers and outlet structures. The fourth part of the apparatus is the tailwater basin, which 
provides a constant water level, hence a constant downstream boundary condition. 
 
MEASURING EQUIPMENT 
The velocities at the outlet section have been measured at a vertical raster of 6 x 10 points over an 
area of 25 cm x 84 cm. The three velocity components in every point have been taken by an ADV-
probe (acoustic Doppler velocimeter) at a sampling rate of 200 Hz. According to the results of 
preliminary investigations, each velocity has been recorded during a period of 150 sec. 
The pressure drop between the intake and the outlet section was measured by a differential pressure 
probe. At the upstream side the static pressure was taken via a prandtl type pitot tube in the centre 
of the inlet section and at the downstream side the pressure was taken in the tail-water basin. 
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Fig. 4 - Test apparatus at the Theodor Rehbock Hydraulic Research Laboratory. (A): Longitudinal 
section and plan view, (B): Experimental diffuser setup. 
 
(A)  (B)  
 
 
BOUNDARY CONDITIONS 
The tests shown beneath have been conducted at a flow rate of Q = 25 l/s which corresponds to a 
common discharge in real pumped storage power stations scaled down by a scale of 1:25. The 
downstream boundary condition in the test apparatus is given by the water level induced by the weir 
crest of the lower basin and corresponds to the water level in the lower basin of a power station. 
The inlet conditions are part of the major influences on the function of a diffuser. Therefore it has 
been proven that the Reynolds number in all cases is higher than 5*104 which assures turbulent wall 
boundary layer conditions [RENAU et al. (1967)]. The blockage parameter B (see equation 2) was 
about 0.115 for all experiments. 
 
EXPERIMENTS 
Centre-piles are known to separate the flow and to support the ceiling of intake-outlet structures, 
usually leading to significant construction cost savings. The scaled model tests for the pumped 
storage power station of Vianden have shown an influence of such centre-piles on the velocity field 
at the outlet section. In order to deepen the knowledge of the influence of centre-piles on the flow 
behaviour and pressure recovery in the diffuser, new experimental tests were carried out, for 
varying locations of the centre-pile relative to the inlet section. 
To accomplish the experiment, the variable part of the test apparatus has been chosen to be a 
diffuser with an area ratio AR = 4.0 and the ratio N/W1 = 7.5. According to RENAU et al. (1967) 
this geometry induces a regime of large transitory stall, in the upper third of the area between the 
line a-a and the line b-b (see figure 3 (A)). Looking at figure 3 (B) this makes it a diffuser with a 
poor performance and a low pressure recovery. 
The geometry of the chosen centre-pile was rhombic and its walls have been parallel to the 
sidewalls of the diffuser. For the present experiments the centre-pile has been moved from the 
normalized location x/W1 = 0.0 to x/W1 = 1.5 in steps of 0.25 as shown in figure 4 (B). At every 
step the pressure drop between the inlet and the outlet and the velocity field at the outlet section 
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have been measured. 
 
RESULTS 
The results of the experiments show a clear influence of the centre-pile on the pressure recovery. 
Figure 5 shows the pressure recovery as a function of the normalized coordinate x/W1, where x is 
the longitudinal distance of the centre-pile from the upstream section of the diffuser, and W1 is the 
width of the inflow pipe. Four different areas are included, referring to i) the state of reference, 
ii)+iii) two different stall states which may occur depending on the centre-piles location, and iv) a 
hysteresis zone where both states ii) and iii) occurred during the experiments. These different states 
have obviously caused big differences in the performance of the diffuser. 
 
Fig. 5 – (A): i) Pressure recovery without centre pile. ii)-iv) Change of the pressure recovery by 
altering the position x/W1 of the centre-pile. Q = 25 l/s, Re = 125 000; (B): Different stall states 
 
(A) (B)  
 
 
i) During the experiments the state of reference without a centre-pile (see figure 5) developed a 
large transitory stall state as shown by RENAU et al. (1967). The flow separated from one wall and 
followed the other wall when entering the diffuser. Figure 6 shows the velocity field taken at the 
outlet section. The maximum velocity was vmax = 0.42 m/s. The black frame in figure 6 indicates the 
walls of the outlet section. 
ii) In this stall state, due to the position of the centre-pile (x/W1 = 0.0), the cross-sectional area 
along the centre-pile was small (see figure 4 (A)) which caused high velocities. Further 
downstream, in the zone of diverging walls, the flow followed the outer side walls and caused back-
flow in the center of the diffuser. Figure 7 shows the results of the velocity measurement at the 
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outlet section. The highest velocities occurred at the outer side-walls. In the center the velocities 
were negative, due to back-turning eddies. During the experiments this state suffered the lowest 
pressure recovery. The maximum velocity at the outlet section for pile position x/W1 = 0.0 was 
vmax = 0.43 m/s. 
iii) In this stall state, the area of the cross-section along the centre-pile was bigger than in stall state 
ii) which caused lower velocities. When entering the zone of diverging walls, the flow separated 
from the outer walls and followed the centre-pile walls. This caused back-flow at the outer walls 
(see figure 8). The maximum velocity at the centre-piles position x/W1 = 1.5 was vmax = 0.39 m/s. 
Compared to the other cases this stall state had the lowest losses and delivered the highest pressure 
recovery. 
iv) The last stall state in figure 5 is a hysteresis zone where either regime ii) or regime iii) can 
occur. Comparing the maximum velocities of the state of reference i) and case iii) (x/W1 = 1.5) the 
maximum velocity dropped by 8 %. Comparing the mean value of the turbulent kinetic energy of 
the same cases in figure 9 there is a drop of 70 % caused by the centre-pile. 
 
Fig. 6 – Stall state i): velocity field at the outlet section without centre-pile, in [m/s], Q = 25 l/s 
 
 
Fig. 7 – Velocity field at the outlet section, in [m/s], Q = 25 l/s, x/W1 = 0.0 
 
 
Fig. 8 – Velocity field at the outlet section, in [m/s], Q = 25 l/s, x/W1 = 1.5 
 
 
Fig. 9 – Turbulent kinetic energy at the outlet section, for Q = 25 l/s, in [m²/s²]: (A) without centre-
pile; (B) with centre pile (x/W1 = 1.5) 
(A)   (B)  
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CONCLUSION 
The experiments have shown that there is a clear influence of the centre-pile on the pressure 
recovery of a diffuser. Varying the centre-piles location, two different stall state occurred. At small 
distances x/W1 of the centre-pile the flow followed the outer side walls. This case caused higher 
losses and a lower pressure recovery than the state of reference without centre-pile. At higher 
distances x/W1 the flow followed the walls of the centre-pile which caused lower losses and a high 
pressure recovery. Taking into account the most favorable position, the centre-pile improved the 
pressure recovery of the diffuser by 25 % compared to the state of reference. 
The experiments have shown that using centre piles can be an instrument to enhance the efficiency 
of intake-outlet structures of pumped storage power stations. 
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Abstract: Power plants are generally equipped with cooling water systems. In the presented case 
study the cooling water flow of a co-generation plant has to be increased. The water from a nearby 
river is piped into three large underground chambers with identical sizes. In these chambers two 
pumps – a primary and a secondary cooling water pump – are arranged asymmetrically. The inflow 
areas as well as fine screens produce supplementary losses. Currently the main and secondary 
pumps are operating in different tanks. The modernization of the power plant, and therefore the 
increasing of cooling water flow, makes a parallel operation essential. Caused by structural 
boundaries, the asymmetrical arrangement of the pumps will lead to high turbulence within the 
chambers. Air vortices have to be expected during low water levels. They can lead to adverse pump 
operation with increasing capabilities, vibration, balance springs, noise production, and increasing 
abrasion. In worst cases air vortices can pull down the complete water flow. Hence, there are two 
main aims of investigation: (1) detection of critical minimum water levels for a reliable flow 
situation with no air vortices and (2) qualitative determination of particle moving for standard 
operation conditions in order to reduce mass transport through the small pump. To investigate the 
cooling water system, a physical model was built. More than 60 model runs give detailed 
information on flow characteristics and turbulent flow structures within the tank. As boundary 
conditions, varying water levels as well as varying pump ratings are investigated. Tracer 
experiments show initial formations for air vortices.  
 
Keywords: Vortex, Aeration, Sediment hoisting, Turbulent flow. 
 
INTRODUCTION 
The modernisation of the thermal power plant Linden supplied by Enercity AG required an increase 
in the discharge of the secondary cooling water pumps and to relocate them into the pump pit of the 
primary pumps. Therefore it was essential to ensure that the new settings would not lead to air 
vortices or other interrupting flow conditions which cause bad swirling effects, air bubbles or even 
the drop of water jet in the suction hose. All of them would lead to a severe decrease in discharge or 
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even cause cavitations which initiates damage at the impeller, the pump or piping.  
The standard design intake method, for example ANSI/HI (1998) or PROSSER (1977), refers to 
simple straight approach intakes with uniform flow conditions. These guidelines are mainly for 
small and medium sized pump intakes. In case of high discharge, non-uniform flow conditions 
and/or asymmetrical arrangement of pump shafts, it is necessary to proof the vortex and swirl 
insensitivity of the prototype by running model tests. The standard design intake methods would 
under-estimate the required submergence at the pump intake. 
In the stated case a non-uniform flow is caused by an asymmetrical arrangement of the pumps 
(Figure 1). Hence, model test runs are set up primarily to figure out the critical water levels with 
different pump arrangements and to verify the primary operating condition.  
 
EXPERIMENTAL SETUP 
The chosen physical model is based on a geometrical related model scaled 1:10. The test is based 
on the Froude scale model theory which is used for open channel flow. Therefore the velocity scale 
is 1:√10. The Reynolds number has to be neglected, because the same fluid as in the prototype is 
used. Because of the highly turbulent flow in all model run conditions, the Reynolds number has no 
significant influence on the flow characteristics. Since the velocities were not measured in a 
scientifically precise way, the Froude and Reynolds numbers cannot be stated for the model or 
prototype by number. 
 
 
Figure 1 – Photograph of the physical model 
 
The geometry of the model is shown in Figure 1. This model represents one of three pump sumps 
for the cooling water pumping system of Linden. All three sumps are similar, therefore only one 
was rebuild in scale. In the prototype, water is taken from the river Ihme and guided through a 
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channel where it is separated towards the three pump sumps. In each sump a fine rake comes first, 
after this the water is led through an opening gate, which is a constriction for the channel flow. 
Subsequently it flows with a free nappe into the lower sieve band plant (SBP) and finally reaches 
the pump pit itself. All these obstacles except the river and the channel are represented in the 
model. The overall material is Plexiglas except the sieve band which is represented by a geotextile 
and the fine rake which is made out of aluminium strips.  
The primary cooling water pump (PCWP) is located in the rear centre of the pit. It has a long 
splitter at the invert and the rear wall. Both are parallel to the main flow direction. The secondary 
cooling water pump (SCWP) is adjacent of the right side opening after the SBP. Both intakes 
extend into the sump and have a vertical upward suction. The bellmouth of the PCWP has an 
opening of D = 123 mm and a suction pipe diameter of d = 92 mm and is 97 mm above the invert. 
The SCWP has a straight intake with a diameter of d = 79 mm and is 40 mm above the invert.  
Eight different model runs were done (Table 1). The first three were done to determine the critical 
water level for different pump discharges. For this matter the water level in the water supply tank is 
gradually lowered. Run 4 verified the main operating discharge of the cooling water plant. Hence 
the water level was set to the lowest presumed water level in the river (47.30 m.a.s.l., 19.5 cm 
above inlet invert in the model). Run 5 determined the maximum discharge of the PCWP at the 
lowest water level. Run 6 and 7 were done to verify different geometrical devices at the SCWP and 
study their influence on swirl control. And the eighth run is for a qualitative comparison of solids 
transport between the PCWP and the SCWP. 
Note that all detailed results can be found in OERTEL & SCHLENKHOFF (2009). 
 
Table 1 - Model runs – Prototype flow rates 
 
No. Pump capacity PCWP Pump capacity SCWP Water level at Inlet Comment 
1 9000 m³/h out of order but 
installed 
critical water level determine the critical water level 
in the model test 
2 out of order but 
installed 
2000 m³/h critical water level determine the critical water level 
in the model test 
3 7200 m³/h 1800 m³/h critical water level determine the critical water level 
in the model test 
4 7200 m³/h 1800 m³/h lowest water level  
47.30 m.a.s.l. 
verification of the critical water level for 
the chosen pump setting 
5 variable 1800 m³/h lowest water level  
47.30 m.a.s.l. 
determine the maximum discharge through 
the PCWP 
6 7200 m³/h 1800 m³/h lowest water level  
47.30 m.a.s.l. 
setup of a small splitter underneath the 
SCWP  
7 7200 m³/h 1800 m³/h lowest water level  
47.30 m.a.s.l. 
setup of a floor cone underneath the 
SCWP 
8 7200 m³/h 1800 m³/h lowest water level 
 47.30 m.a.s.l. 
quality comparison of mass transportation 
between PCWP and SCWP  
 
RESULTS AND DISCUSSION 
A classification system for swirls and vortices is given by HECKER (1987) as shown in Figure 2. 
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These classification types are used for the 
description of the model test runs.  
Figures 3 to 7 show the first 5 model runs, with in 
dashed lines the under-critical flow conditions and 
in solid lines the critical flow conditions which 
have to be avoided by any means. The water level 
at the inlet to the pump chamber for each curve is 
given in each legend in meter above sea level. 
Runs 1 and 3 show comparable air vortices into the 
pump hose at a water level of 47.1 m.a.s.l. but in 
run 3 there is a much more turbulent flow 
condition (Figures 3 and 5, 8 and 10).  
The model run in which only the SCWP is in operation (run 2) produces a less turbulent flow 
situation, with detrimental surface swirls (type 1 and 2). In this run the system collapses abruptly 
(Figures 4 and 9) with decreasing water levels, since the energy level at 46.25 m.a.s.l. is no longer 
sufficient to pass through the inlet opening of the SBP which causes the sudden water level 
decrease.  
For the design discharge at the minimum operating level (run 4) shows that there will be no hoisting 
of air bubbles at all (Figure 6). Hence it is uncritical and therefore can the design operating stage be 
run under safe conditions.  
Model run 5 was done with a constant inlet water level of 47.30 m.a.s.l. and an increasing pump 
discharge of the PCWP and a fixed discharge of 1,800 m³/h of the SCWP which shows a critical 
discharge of about 7,900 m³/h (Figure 7). It shows an increasing discharge leading to an increase in 
turbulence. Although vortices of the type 1 to 4 did not appear, vortices with aeration (types 5 and 
6) can be observed with an increasing discharge.  
The model runs 1, 3 and 4 have an increasingly turbulent flow at a decreasing water level. Hence 
there are almost no surface swirls (types 1 to 3). There will be at a certain water level a sudden 
appearance of vortices with aeration (types 5 and 6), because of the high turbulence. 
The model run 6 is done with a short splitter under the SCWP. A variation of discharges and 
different operating stages are run. It can be shown that, compared to model run 2, in the case that 
only the SCWP is running, the static swirls (types 1 and 2) are eliminated. The critical water level 
stays the same.  
In run 7, a guide cone is installed instead of the splitter. It can be shown that the results are similar 
to the ones of run 6.  
To get a perspective onto the sedimentation problem, the model run 8 is performed. The sediment 
was represented by plastic granules with 3 to 4 mm in size and a density of 1.4 kg/dm³. This means 
that the granule was not at scale. 
As shown in run 6, the small splitter has also a positive influence on the sediment hoisting and 
reduces the transportation of sediment through the SCWP (Figures 11 and 12). 
 
Figure 2 - Types of vortices by HECKER (1987) 
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Figure 3 - Model Run 1 
 
Figure 4 - Model Run 2 
 
 
Figure 5 - Model Run 3 
 
 
Figure 6 - Model Run 4 
 
 
Figure 7 - Model Run 5 
 
 
Table 2 - Percentage of sediment hoisting of  the SCWP
Model run installed sediment (wet) [g] 
Hoisting 
percentage [%]
8 (abrupt start-up) 4,222 5-10 
8 (slow start-up) 4,537 2-5 
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Figure 8a - Start of critical flow conditions at run 1 Figure 8b - Surface swirls at run 1 
Figure 9a - Start of critical flow conditions at run 2 Figure 9b - Surface swirls at run 2 
Figure 10a - Start of critical flow conditions at run 3 Figure 10b - Surface swirls at run 3 
Figure 11 - Qualitative sediment transport, configuration 
without splitter 
Figure 12 - Qualitative sediment transport, 
configuration with arranged splitter 
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Model run 8 is conducted with a guiding cone similar to run 7 and the design operating stage 
(PCWP 7,200 m³/h, SCWP 1,800 m³/h). Two operating situations are varied, (1) abrupt start-up of 
both pumps and (2) slow start-up of the pumps. This should verify if different starting methods have 
an influence on the sediment behaviour. For the prediction the percentage difference of sediment 
transport is defined. As shown in Table 2 the hoisting can be halved with a slow start-up. This can 
only be a quantitative prospection as the groin size is out of scale but gives a good view on the 
sediment behaviour.  
 
CONCLUSION 
The physical modelling of a pumping chamber of the cooling water system shows the flow 
situations for different operating conditions. It turns out that the geometry of the pump chamber 
indicates the limitation to the system flow at the inlet opening to the SBP.  
For the model runs with two in-service cooling water pumps (PCWP and SCWP), highly turbulent 
flow conditions in the pump sump can be observed, and, with falling water levels, air vortices 
appear.  
For a minimum operating water level of 47.3 m.a.s.l. before the inlet opening to the pump chamber 
and the design operating state of PCWP = 7,200 m³/h and SCWP = 1,800 m³/h for all 
configurations, a safe operating condition can be demonstrated. The model tests have shown that 
the arrangement of the two pumps with the planned performance in a chamber is possible without 
any risk of air entry. Also the system in the planned operational stage is already close to the limit of 
reliability regarding the maximum capacity. In strict compliance with the designated water levels 
before the inlet opening neither large, stable vortices nor air entry into the pumps is expected.  
Model runs to determine the maximum flow rate of PCWP show an increased turbulence in the 
pump chamber with increasing flow. Hence as a result of the increased flow significantly earlier 
vortices with aerator appear. The system appears to be sensitive to low water levels in the feed, so 
that the operation itself is already close to the border state with an unstable inflow regime. In the 
pump sump itself are still high and unevenly distributed velocities, which in consequence lead to an 
asymmetrical inflow. This asymmetry could be avoided by a central arrangement of the SCWP, 
which would be difficult to implement on site. Accordingly there have been no model runs.  
In compliance with the minimum water level in the inlet vortices and air entry can be avoided. This 
can be prevented by using a small splitter or a guide cone in the field of the SCWP.  
Variation studies with a small splitter or a guiding cone adjacent to the SCWP show a clear 
improvement of the current situation in case that only the SCWP is operating. For the planned 
operational stage (7,200 and 1,800 m³/h) the critical water levels with regard to air vortices remain.  
For the examined variants a qualitatively favourable sedimentary extraction is achieved, since the 
SCWP hoists less material than in the basic design. In case of the slow start-up of the pumps, a 
further reduction of the extraction amount of the SCWP can be achieved. A recommendation will 
therefore be a configuration according to model run 7 and 8.  
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Abstract: The complex nature of the interaction between turbulent flow hydrodynamics, local 
morphology and sediment transport in the near field of a bridge pier is still an open research topic. 
A cylindrical obstacle placed on a mobile bed intercepting the full depth of an open-channel flow 
changes the pressure field in its vicinity. The adverse pressure gradient originates flow separation 
near the base of the cylinder, which develops a system of vortices dominated by a horseshoe vortex. 
The present work presents and discusses laboratory results of the flow inside a scour hole formed 
around a wall-mounted emerging cylinder of vertical axis, namely the downflow, the horseshoe 
vortex system and the separation vortex. PIV technique was used for the visualization and 
quantification of the velocity field. Velocity measurements herein presented were performed in the 
scour hole. The relevance of the system of vortices and the downflow for the initiation and 
maintenance of local scour was assessed. The downflow upstream of the cylinder was noted to play 
a major role in the mechanism of local scour. The shape of the scour hole was related to the 
interaction between the downflow, the horseshoe vortex and the separation vortices. 
 
Keywords: Horseshoe vortex, Local scour, Turbulent flow, PIV. 
 
INTRODUCTION 
One of the main risk factors for the structural integrity of a bridge is local scour near its piers. The 
practical relevance of the subject and the complexity of the phenomena involved, namely the 
interaction between turbulent flow hydrodynamics, local morphology and sediment transport, 
justifies the important volume of research performed on these topics. The present work aims at 
characterizing the turbulent flow in front of a bridge pier, materialized as a cylinder placed 
vertically in a mobile bed channel intercepting the full depth of the flow with a developing 
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boundary layer. Such a flow obstacle modifies the pressure field around it. The adverse pressure 
gradient upstream the cylinder modifies the pattern of the approach flow, implying a downward 
current along the upstream face of the obstacle, whereas the remaining flow contours the cylinder 
towards downstream (MORTON 1987, RAUDKIVI 1998). If the pressure gradient becomes 
sufficiently strong, the interaction between the downward and the approach flows results in flow 
separation near the cylinder base, developing in a turbulent flow a complex and unsteady vortex 
system known as the horseshoe vortex.  
The local scour mechanism is herein investigated, with the visualization and characterization of the 
downward flow and the vortex system within the scour hole at its early stages of development as 
the main goals to identifying the most relevant scour mechanisms.  
The experimental research involved particle image velocimetry (PIV) measurements for 
visualization and quantification of the velocity field. Experiments were carried out to characterize 
the turbulent horseshoe vortex and its interaction with the downward flow in front of the cylinder. 
Velocity measurements were performed in a superficial region of the scour hole, upstream the 
cylinder in the vertical plane of symmetry, in a vertical plane 30º apart from it, and within the scour 
hole, in a vertical plane 45º from the symmetry plane. The present research included measurements 
in horizontal planes on selected experiments which were shown by the authors in 
NOGUEIRA et al. (2008). 
 
THEORETICAL FRAMEWORK 
Velocity distribution 
The velocity distribution in the inner region of a hydraulically transitional fully-developed 
boundary layer can be approached by the log-law 
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where z is the vertical coordinate, u* is the friction velocity, ks is the roughness length, κ = 0.41 is 
the von Kármán constant and B is a function of the bed Reynolds number (Re* = u*ks/υ) and a 
function of the gradient of the flow depth, in gradually-varied flows.  
 
Vorticity field upstream the cylinder 
The Helmholtz transport equation for the permanent vorticity is written as (SCHLICHTING 1979, 
pp. 92, TENNEKES and LUMLEY 1972, p. 84) 
 ( ) ( ) ''''2)( ωωωωω ⋅∇−⋅∇+∇υ+∇⋅=∇⋅ vvvv w  (2) 
where ‘ and  stand for the instantaneous and mean fields, respectively. The term ( )v∇⋅ω  is the 
deformation of vorticity by the mean velocity gradient and ω2)( ∇υ w  , the mean vorticity diffusion. 
( ) '' v⋅∇ω  and '' ω⋅∇v  only occur if the flow is turbulent where the first is the stretching of the 
vorticity tubes by the fluctuating velocity gradient whereas the second represents the turbulent 
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convection of the fluctuating vorticity. Equation (2) involves no pressure term. However, 
MORTON (1987) demonstrated that the vorticity mechanics is governed by the pressure field. The 
component of the vorticity normal to a vertical plane in the flow direction depends on the pressure 
gradient in the flow direction, because 
 p
e
xw
y
zz
w ∂ρ=η∂υ )(
)(
0
 (3) 
where )(wυ  is fluid kinematic viscosity, η  is vorticity component in the transversal direction (y) 
and p is total pressure. The vorticity field is solenoidal hence, the vortex intensity, defined as  
∫∫ η=⋅= Ω Gv dAdAI ω  (4) 
is conserved in any section around the cylinder. The term ω  represents the vorticity vector and G is 
a connex region in the vertical plane of symmetry of the cylinder axes.  
 
Hydrodynamics in front of cylindrical obstacles 
QADAR (1981) explored the interaction between horseshoe vortex and the temporal increase of 
scour depth proposing that the horseshoe vortex is approximated, in the symmetry plane, by a circle 
whose radius increases with the depth of the scour hole. MUZZAMMIL and 
GANGADHARIAH (2003) investigated the horseshoe vortex in the plane of symmetry through a 
visualisation technique that employs suspension of clay. The dimensions of the horseshoe vortex 
were experimentally measured and found to depend on the scour depth, cylinder diameter and the 
Reynolds number. They observed that the vortex shape is elliptical, instead of circular as proposed 
by QADAR and pointed out the existence of a cusp and two distinct curvatures in the plane of 
symmetry of the scour hole. UNGER and HAGER (2006) investigated the characteristics of the 
flow upstream a half-cylinder placed on the side wall of a channel. They performed a temporal 
description of the horseshoe vortex with PIV. These authors suggest that there is a primary 
horseshoe vortex that is located loosely above the point of intersection of the two curvatures in the 
scour hole, over the cusp, rather than located in the inner scour hole region, closer to the cylinder as 
proposed by MUZZAMMIL and GANGADHARIAH. UNGER and HAGER concluded that both 
the horseshoe vortex inside the continuously increasing scour hole and the downflow in front of the 
pier are the governing scour agents. 
 
INSTRUMENTATION 
The experiments were conducted in a 8.0 m long and 0.70 m wide rectangular flume (Fig. 1). The 
water was recirculated from the reservoir (A) by means of a centrifugal pump (B). The flow depth 
was controlled by the adjustment of the downstream gate (F2). A horizontal 2.00 m long mobile bed 
reach was placed 4.55 m downstream of the flume inlet (J, Fig. 1) 
a). The laser source was attached on a mobile carriage, settled on longitudinal rails (Fig. 1 - 
Experimental installation and hydraulic circuit 
n 
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b). The PVC cylinder, of 48 mm diameter, was placed in the mobile bed, in the symmetry axis of 
the channel (Fig. 1 - Experimental installation and hydraulic circuit 
c). To ensure that local scour does not start during the preparation of the tests, PVC plates were 
placed near the cylinder subsequently withdrawn in the beginning of a test. Downstream of the inlet 
structure, granular material with 25 mm of characteristic diameter was glued on the bed (Fig. 1 - 
Experimental installation and hydraulic circuit 
d), over 0.8 m, to increase the development of the boundary layer. 
 
 
Fig. 1 - Experimental installation and hydraulic circuit 
 
 
Fig. 2 - Experimental details a) mobile bed reach; b) laser source; c) cylinder; d) disposal of 
granular material at upstream channel reach 
 
In the upstream reach of the mobile bed, uniform quartz sand was glued on the bed, to increase its 
roughness. The bed material, used both for mobile and fixed beds, was characterized by a median 
diameter 50D  =0.837 mm and a geometric standard deviation Dσ =1.48. 
The two-dimensional instantaneous flow velocities were measured with a particle image 
velocimeter (PIV) from Dantec DynamicsTM. The particles that generally exist in a fresh water flow 
are insufficient for a good quality of PIV results, so it is usual to add seeding particles whose 
density has to be near the water. In the present work, different seeding particles were tested, being 
the better results observed with pepper. Laboratorial tests, including the estimation of its buoyancy 
and the ability to follow turbulent structures, proved pepper to be the most suitable target 
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B. pump  
C. control valve  
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E. pipe  
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(FERREIRA, 2008). 
 
EXPERIMENTAL PROCEDURE 
The velocity measurements were performed under clear-water conditions. Flow discharge was 
established based on the concept of critical flow velocity for incipient sediments motion (GRAF 
and ALTINAKAR 1998). Table 1 summarizes the flow variables and channel parameters of the 
experiments, where Q is the flow discharge, h is the water depth, U is the depth average critical 
velocity, W is the channel width and D is the cylinder diameter. 
 
Table 1 - Flow variables and channel parameters. 
D50 Q h U W/D W/h 
(mm) (m3/s) (m) (m/s) (-) (-) 
0.837 0.020 0.10 0.286 14.58 7.00 
 
A preliminary set of velocity measurement tests were preformed to: i) characterize the approach 
flow and ii) investigate the geometry and the intensity of the horseshoe vortex as a function of the 
boundary layer Reynolds number. Further details on these measurements are found in 
NOGUEIRA et al. (2008). 
The tests preformed in the scour hole were performed in a superficial region, in the symmetry axis, 
in a vertical plane 30º from it, and inside the scour hole, 45º from the symmetry axis. The cylinder 
was placed in mobile bed and for 5 minutes a scour hole developed around the obstacle; the scour 
evolution achieved with this period of time allowed us to investigate the hydrodynamics of the flow 
inside the scour hole however with a depth compatible with the available equipment. Subsequently, 
the sediment bed was fixed with spray varnish to prevent the movement of the bed material during 
the measurements, keeping the roughness characteristics of the bed. After the establishment of the 
flow conditions, the laser sheet was adjusted to illuminate the correct section of the flow. The next 
step was to focus the camera, with the help of a graduated object (Fig. 3b), and capture at least one 
frame for further calibration (Fig. 3d).  
 
 
Fig. 3 - Measurements inside scour hole. a) scour hole, downstream view; b) graduated object used 
for image calibration; c) arrangement of measurement equipment; d) image acquired for calibration. 
 
Flow direction 
a) b) c) d) 
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The cylinder placed in the flow field caused oscillations of the flow surface upstream the obstacle. 
To inhibit optical problems due to the impact of the laser light with surface waves, the water surface 
was covered with a plastic film. 
 
HORSESHOE VORTEX DIMENSIONS 
The intensity of the horseshoe vortex is a function of the following characteristic variables 
( )50)()( ,,,,,,, DkUDhfI pwwv ρδμ=  (5) 
where Iv is the vortex intensity, )(wμ  and )(wρ  are the fluid viscosity and density, respectively, δ  is 
the boundary layer thickness and pk  is the surface roughness of the cylinder. Applying the 
Vaschy-Buckingham theorem results in 
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where )(wUD υ , )(wU υδ  and )(wUh υ  are Reynolds numbers enclosing the effect of the cylinder 
diameter, the influence of the boundary layer thickness and the influence of the flow depth, 
respectively, Dk p  relates to the effect of the cylinder roughness and DD50  relates to the bottom 
roughness. In the present work, only the variation of UDIv  with 
)(Re wU υδδ =  was assessed. 
The dimensions of the horseshoe vortex were estimated based on the vorticity maps, (see 
NOGUEIRA et al., 2008). The authors verified that the diameter of the equivalent vortex seems to 
increase with the boundary layer Reynolds number. However, instantaneous vortexes are apparently 
independent of that parameter. As for the intensity of the maximum instantaneous vortex, the results 
proved to be inconclusive. 
 
FLOW WITHIN THE SCOUR HOLE 
The time-averaged longitudinal and vertical velocity components obtained at the upper part of the 
scour hole are presented in Figure 4, in the symmetry axis. At the upstream region, it is noted the 
dominance of the u -component, being the vertical component practically negligible. As the flow 
approaches the cylinder, the situation reverses: the longitudinal component of the velocity 
decreases, accompanied by continuously increasing values of the vertical component. From 
1,0≈Dx  towards the cylinder, the downflow becomes preponderant which is demonstrated by the 
vertical negative velocities, reaching magnitudes near 20 cm/s (higher then the streamwise 
velocities). Flow separation is observed near the flow bed: the velocity profiles obtained at 
0,14,0 ≤≤ Dx  show negative values of the u -component and positive values of the vertical 
component, in opposition of the flow pattern in the upper layers, which indicates the existence of 
rotational flow in this region. In the vertical plane 30º from the symmetry axes, the flow pattern is 
similar to the previously observed indicating continuity of the rotational cells. Inside the scour hole, 
the flow pattern is similar, being quite clear the dominance of the downward-momentum against the 
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longitudinal, near the face of the cylinder.  
 
 
Fig. 4 - Time-averaged velocity components in test CC, in the symmetry axis.  On the left: 
longitudinal component u; Right: vertical component w. Velocities in cm/s. 
 
In Figure 5, the time-averaged vorticity maps for each measuring plane are presented. In the 
symmetry axis and in the plane at 30º there seems to occur flow separation in the beginning of the 
scour hole, generating a vortical structure with different characteristics of the horseshoe vortex 
observed in fixed bed. Two vortexes with the same signal are observed, implying the existence of 
small vortical structures in counter-rotation between them for the sake of continuity. Instantaneous 
vorticity maps obtained from the PIV measurements show the intermittent behaviour of the 
horseshoe vortex. Near the cylinder face is observed negative values of vorticity and of higher 
intensity than what was detected near the bed. This leads to the conclusion that, inside the scour 
hole, the vorticity generated in the boundary layer which develops along the wall of the cylinder, 
due the presence of the downflow, is more permanent and relevant than the vorticity generated near 
the bed. Figure 6 presents the proposed flow structure in the scour hole. 
The downflow acts as a jet along the wall of the cylinder that, by reaching the flow bed, undergoes 
separation digging the scour hole (Fig. 5). The sediments eroded within the scour hole are mostly 
transported downstream by the flow, although a small part is transported inside the scour hole, to 
higher topography levels by the downward flow which incorporates the horseshoe vortex. It was 
seen that the horseshoe vortex moves frequently towards the cylinder, interacting strongly with the 
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downflow. The bed topography between zones 1 and 2, i.e. the observed cusp, would thus be 
formed by the upward movement of the jet flow that incorporates the horseshoe vortex and the flow 
upward from the bottom of the vortex. In zone 3, the separate flow is the result of adverse gradient 
of pressure which results from the sudden deepening of the bed. Between areas 2 and 3 there are 
compensating vortical structures in counter-rotation. These observations indicate that the scour 
mechanism depends fundamentally on the downward flow and not on the intensity of the horseshoe 
vortex. The model herein inferred is partially compatible with the one proposed by UNGER and 
HAGER (2007), but not with those by QADAR (1981) or MUZZAMMIL & GANGADHARIAH 
(2003). 
 
 
Fig. 5 – Vorticity maps in tests CC: a) time-averaged vorticity and b) instantaneous vorticity. Left: 
vertical plane of symmetry; center: vertical plane 30º from the symmetry axis; right: within the 
scour hole, in a vertical plane 45º from the symmetry axis. Vorticity in s-1. 
 
 
Fig. 6 – Proposed flow structure in the scour hole in front of the cylindrical pier. 
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CONCLUSION 
The spatial evolution of the flow field in front of a wall-mounted cylinder, placed vertically in a 
gradually-varied flow, was investigated by performing experimental tests with the Particle Image 
Velocimetry (PIV). The main conclusion of the present work, based on the visualisation and 
quantification of the flow field within the scour hole, is the fact that the downflow upstream the 
cylinder plays a major role in the mechanism of local scour near the obstacle. The interaction 
between the downflow and the horseshoe vortex inside the scour hole leads to the formation of a 
cusp, separating the region in the scour hole mainly shaped by the downward-flow and the region 
shaped by the horseshoe vortex and the separation vortices. To reducing the scour intensity, 
practical measures should focus on diminishing the downward flow intensity along the upstream 
face of the cylinder. This can be done by for instance acting either on the skin or form roughness of 
this latter. Future work shall assess other parameters intervening in the functional relation defining 
the vortex geometry and intensity than the thickness of the boundary layer herein analyzed. 
Attention shall also be given to the intermitting character of the horseshoe vortex in the geometry 
characteristics and intensity and to the flow pattern at different stages of the scour hole, different 
values of D/D50 and other values of the parameter kp/D. 
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HYDRAULIC STRUCTURE PHOTOGRAPHS 
 
Fig. HS04 - Sakuma dam spillway (Japan) on the Tenryu River on 27 Nov. 2008 (Photograph H. 
CHANSON) -  Concrete gravity dam, Volume: 1.12 Mm3, Height: 155.5 m, Length: 293.5 m, 
Spillway capacity: 10,000 m3/s (spillway), completion in 1956 
3rd International Junior Researcher and Engineer Workshop on Hydraulic Structures, IJREWHS'10, R. JANSSEN 
and H. CHANSON (Eds), Hydraulic Model Report CH80/10, School of Civil Eng., The University of Queensland, 
Brisbane, Australia - ISBN 9781742720159 
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Abstract: This paper investigates the efficiency of an adjoined disc to circular monopiles in order 
to prevent the scouring process. The suggested mechanisms are to approach scouring prevention 
around the offshore wind turbines’ piers. At first a brief literature review is given describing the 
flow characteristics taking place around the piers. Then a number of frequently used methods in 
preventing scouring around piers are discussed. Additionally some brainstorming ideas are 
discussed in order to lead the subject to a new method. That is to direct the investigations to slight 
modifications in wind piers on the purpose of streamlining the piers’ shape and avoiding the high 
frequency vortex shedding and three dimensional flow separation around the piers. The initial 
approach begins with adjoining a circular disk to the pier and investigating the effect of the disk in 
decreasing the boundary layer thicknesses, thus, delaying the flow separations.  
 
Keywords: Scouring Prevention, Boundary layer, Turbulence Modelling, Marine Structures, Wind 
Energy 
 
INTRODUCTION 
After several decades of research activities on scouring effects still many questions have yet to be 
answered. In the field of marine structures, since the scale and number of projects are increasing, 
larger effects occur. This fact requires engineers to undertake broader investigations into preventing 
the process or remedying the scoured holes around the installed piers. In the field of offshore scour 
prevention, maintenance is difficult, as the current directions are never constant, and the wave 
propagation is intermittent. Additionally storm surges, as well as high wave heights significantly 
accelerate the scouring process. The high cost of some alternatives is the main cause of this topic’s 
continuing importance. This paper attempts to pay more attention to simpler and cheaper preventive 
mechanisms that are based on a microscopic point of view. That is why part of the paper is allotted 
to a literature review and discussing the alternatives used and already taken into consideration. 
Finally the efficiency of a simple adjoined disc is numerically investigated.  
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LITERATURE REVIEW 
In the scouring process, the main reasons for high sudden elevated shear stress around the pier bed 
are the three dimensional flow separations of the upstream boundary layer and the periodic vortex 
shedding in the wake of the cylinder (Dargahi, 1990, Baker, 1991). The adverse pressure gradient is 
the cause of the production of flow separation (Simpson, 2001, Sumer et al. 1997& 2002), Except 
for laminar flows and very low Reynolds numbers (Re) for currents. For waves the Keulegan 
Carpenter number (KC) takes the major action that is defined below: 
 
D
TUKC wm=  (1) 
where Um is the maximum value of the undisturbed orbital motion of the water particles at the bed, 
Tw is the wave period and D is the cylinder diameter (Sumer et al., 2002). 
When waves are involved, vortices are highly unsteady. Hence, they are responsible for high 
turbulence intensities and high pressure fluctuations over the surface (Simpson, 2001). A large 
number of investigations has focused on the upstream vortices. Baker (1979, 1984) shows the 
largest vortex development is close to the cylinder. Beneath this vortex the highest shear stress 
takes place. Dargahi (1990) argued that the initial scour’s slopes are highly dependent on the 
number of vortices developed upstream of the cylinder. Muzzamil et al. (2003) showed that the size 
of the vortex depends on the diameter’s Reynolds number (ReD) except for 4Re > 10 . His results 
imply that the main vortex size developed upstream of the cylinder is about 0.2D. Therefore, the 
horizontal dimension of the vortex 0X  was found to be approximately two times the vortex size, 
where D is the cylinder diameter. According to Baker’s research (1984), the lowest pressure takes 
place beneath the fully developed vortex, thus the skin friction is rather high. Moreover his 
investigations reveal upstream horse shoe vortices are dependent on velocity, boundary layer 
displacement thickness, and cylinder geometry at a rigid ground. In addition, he found that 
separation distance (Xs) is longer, as *Reδ  increases. That means higher Re causes larger boundary 
layers and earlier separation. Gathering several works, Sumer et al. (2002) reaches a definition that 
in turbulent boundary layer, the role of Re may be reversed, i.e. the size of the horseshoe vortex 
may be decreased with increasing Re, which slightly contradicts Muzzammil et al. (2003) 
investigations.  
Kirkil et al. (2008) has a complementary argument. He argued that horse shoe vortex formations are 
not the only responsible for the scouring process; this factor is part of a system of turbulence 
structures that together with the downflow and the flow acceleration around the flanks of the pier 
are the erosive flow mechanisms of primary importance.  
In the case of piers mounted offshore, waves intensify scouring. Their effect is highly dependent on 
wave heights, period and orbital velocity at the sediment bed. This relevance is defined through the 
dimensionless KC number. 
Sumer et al. (1997) visualized the vortices around the cylinder with different KC numbers. He 
reported that the horse shoe vortex flow, as well as the lee wake vortex flow is governed primarily 
by the KC number. His results indicate that for KC<6 no horseshoe vortex is developed, and the 
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size and lifespan of the horseshoe vortex increases with KC. His investigation also shows that the 
shear stress beneath the vortices similarly increases as the KC number increases as well. 
 
SCOURING PREVENTION METHODOLOGY 
There are three main prevention methods against scouring process around marine structures. The 
first is to reinforce the bed. The second is to decrease the drag forces by modifying the pier 
structures. This method specifically applies to tripods, jackpods and similar. The other method is to 
work against the vortex activities around the cylinder. This is to decrease the vortex sizes or design 
a mechanism tending to counteract the vortices. For the third method investigations are made to 
design fairings or adjoined mechanisms to the pier structures. This method is exactly like which 
aeronautical engineers do within aeroplane design.   
Most scouring protection approaches have been based around the first and the second of the above 
mentioned methods. To reinforce the bed, several methods have been recommended, such as 
installing a multi layer gravel blanket around the piers. Zaaijer et al. (2002) summed up four major 
failure mechanisms of this type of protection that are particularly of sediment erosion or bed 
subsidence around the unprotected areas. Such failures would be resolved installing several rock 
layers or soil mechanical mechanisms to avoid, but it is remarkably costly (Halfschepel, 2001). 
Halfschepel et al. (2001) performed such a design study for a 3 MW wind turbine with a 3.5 m 
diameter monopile, he estimated the cost to be around € 350,000 for each turbine. 
The third method which is focused upon the most in this paper is to design pier profiles which are 
efficient in decreasing the boundary layer thicknesses and, thus, the vortex sizes around the 
cylinder. This method leads to pier shape modifications with the purpose of streamlining the shape, 
and obstructing three flow separations. This is what has been called methods to control junction 
flows (Simpson, 2001). Such mechanisms decrease the vortex effects downstream, but no particular 
change upstream is occurred. 
To give an example illustrating the third method, McGinley (1987) used vortex generators 
downstream of a wing to produce counter rotating vortices that interact and partly nullify the 
circulation in the wakes of the horseshoe vortices under some conditions. Haines (1983) advises a 
fairing designer not only to eliminate the 3D flow separations, and development of thick boundary 
layers, but also to reduce cross flows in boundary layers, and merge different streams smoothly. 
Devenport et al. (1990) investigated the effects of a constant-radius circular concave fillet wrapped 
around the entire base of the Rood wing purposing to blunt the shape. He showed a leading-edge 
strake or fillet can reduce adverse pressure gradients and eliminate the separation.  
Using a circular disk adjoined around a circular pier is an alternative (Johansen et al., 2008). This 
paper presents it as an initial approach for scouring prevention around monopiles. The mechanism 
is mainly to avoid development of thick boundary layers, particularly, upstream of the cylinder. As 
mentioned earlier, for a cylinder alone, the flow’s streamlines are separated from the ground at a 
certain distance from the cylinder where the boundary layers begin to establish as far as to be fully 
developed upstream of the cylinder. Existence of the disk seeks to tighten the required room for 
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feasible development of the thick boundary layers, so that smaller boundary layers or smaller 
vortices are produced.  
This type of view to the scour problem would be attributed to cheaper scour protection designs, as 
constructing adjoined mechanisms is less costly. Eventually, less installation problems would be 
faced. In the next sections the efficiency of this mechanism through a numerical model is 
investigated. 
 
NUMERICAL SIMULATION OF AN ADJOINED DISC TO THE CYLINDER 
Numerical model 
To investigate the effects of the adjoined disc on a cylindrical pier within numerical modelling, two 
models were run. The first is the cylinder alone and the second is the cylinder with the disc. Both 
models were set to have identical arrangements, and boundary conditions. Ultimately, the velocity 
distributions, pressure loss and growth and more importantly shear stress evaluations determined 
the differences between two models. The results were observed by obtaining velocity and pressure 
on several cross sections. These cross sections were chosen on the stagnation line upstream and 
downstream of the cylinder. For solving the equations OpenFOAM (OpenCFD Ltd.) is employed, 
which is an open source solver. This code is based on C++ and applied to the finite volume method 
for solving the equations. 
 
Fig. 1- Computational domain arrangement, including the mesh and disc arrangements 
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The models obtain the performance of the adverse pressure gradient boundary layers of the 
upstream and downstream, thus, finding out the effects of the adjoined disk. Difficulties were faced 
when capturing the boundary layers underneath the disk, as the distance is so short that the mesh 
resolution required to be set such that ν/yuy =+  was less than one. This required the distance 
from the wall to the first grid point, y, to be between 0.01%D (D=15cm). The mesh sizes around the 
cylinder are relatively finer than ones out of the circular surrounding (see Fig. 1). The distance 
between the cylinder and in/outlet were deemed to be enough for convergence purposes. The 
upstream boundary condition was modelled as a simple inlet defining the velocity (U=30 cm/s) and 
two turbulence boundary conditions. The downstream boundary was modelled as a simple outflow. 
The pressure over the surface determined to be zero. It creates slightly unrealistic results comparing 
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to physical models’ results. Since the investigation is to compare two cases and both models are 
identical, the results are reasonably acceptable. 
The models are turbulent models using the ω−k  method. The flow condition is steady and 
incompressible. Continuity equations, Navier-Stokes Equations, and standard transport equations 
for K and ω  were solved within the simulations. In both models, the cylinder is mounted in the 
middle of a channel having 20D (D=15cm) upstream, 20D downstream, 20D/3 width, and 2D 
depth. In the model with the adjoined disc, the disc diameter is 5D/3, and the distance between the 
bottom and the inner face of the disc is about 2D/15 and the disc diameter is 5D/3 (see Fig. 1).  
 
Results and Discussion 
To investigate the influence of the adjoined disc, the adverse pressure value, and the velocity 
fluctuations around the cylinder in both conditions are evaluated. Hence the velocity and pressure 
loss and growth around the cylinder should be taken into account, thus the effects of the disc is 
investigated.  In Figures 2 and 4 the pressure values of several locations along the stagnation line 
plus the velocity values of every point are respectively shown. The values are from several points 
above the bottom up to the inner face of the disc i.e. less than 2 cm from the bottom. The solid line 
represents the mean values. Note that zero is of the outer face of the cylinder, and the disc’s edge is 
on X/D ~ 0.3. Fig. 3 and 5 depicts the velocity distributions of the same locations upstream and 
downstream of the cylinder. They help finding out the development of boundary layers underneath 
the cylinder and comparing them with the single cylinder. 
 
Fig.2 – (a) Velocity values upstream of the cylinder (b) Pressure loss and growth of the same 
locations 
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Upstream 
The pressure and velocity loss and growth upstream the cylinder alone presents that dp/dx>0, 
du/dx<0 that means adverse gradient takes place, and weak separations tend to happen. But the 
cylinder with the disc creates different values. The velocity values for the cylinder with disc are 
rather smaller, and it even significantly decreases under the disc. Again the pressure values are 
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smaller and dp/dx>0. But after the flow reaches the disc, the pressure decreases, thus, dp/dx<0. 
That means that the disc has a considerable effect on decreasing the energy beneath the disc. 
However, the advantage is that under the disc no separation takes place. Less velocity under the 
disc means less room for vortex development, thus, the vortices are shifted to the top of the disc. 
This can be seen by looking into velocity distributions depicted in Fig. 3. In this figure the velocity 
distributions of both models in several locations upstream are shown. Herein it is identified that 
boundary layers are developed near the cylinder. On the contrary, existence of the disc causes 
development of thinner boundary layers near the cylinder and thicker ones farther from it. In fact 
the vortices are shifted away from the cylinder. Moreover, it is observed that the boundary layer is 
shifted to the top of the disc and the velocity under the disc is too small. This can be seen on 
X/D=0.05 – 0.35. 
 
Fig. 3- Velocity distributions upstream of the cylinder. (.) is of the cylinder-disc model, and (×) is 
of the cylinder alone. 
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Downstream 
Comparing the velocity values underneath the cylinder downstream of the cylinder, the velocity 
values are not much different than those of the cylinder alone (Fig.4). But the pressure underneath 
the disc is reduced. The effect of disc is more visible by investigating the velocity distributions 
depicted in Fig. 5. Herein it is identified that boundary layers are slightly thicker when the disc is 
existent, although the velocity values are not much different. Instead, comparing the pressure 
values, the pressure values of the cylinder with disc near the bottom is remarkably less than the 
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other case. Again it is identified that the disc causes the energy to shift from the bottom to slightly 
upper levels. This occurs only underneath the disc. However, upstream of the cylinder, the 
existence of the disc is neither deemed to have an advantageous effect in reducing the shear 
stresses, nor in intensifying it. Note that in both cases very close to the cylinder the flow separation 
takes place as the velocity values are less than zero. 
 
Fig. 4- (a) Velocity values downstream of the cylinder (b) Pressure loss and growth of the same 
locations 
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Fig. 5- Velocity distributions on locations upstream of the cylinder. (.) is of the cylinder-disc model, 
and (×) is of the cylinder alone 
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CONCLUSION 
This paper aims to show that the scouring phenomenon around marine structures must be studied 
microscopically. The bare necessity is of high cost of scouring protection methods in deep sea 
areas, and challenging the problems faced in the case of marine structures. Among the three 
methods of scouring prevention/protection, attention was paid to design mechanisms such as 
fairings or adjoining systems in order to counteract the vortex activities around the piers. A simple 
mechanism of an adjoined circular disc to a cylinder as an initial approach was taken into account. 
The investigations were applied to a turbulence numerical model. Results reveal that this 
mechanism can be alternatively employed to prevent the development of thick boundary layers 
around the cylinder, in particular upstream of the cylinder. However, the disc does not perform as to 
advantage downstream of the cylinder, the reason being the production of slightly higher velocity 
thicker boundary layers near the surface. 
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Abstract: The accurate simulation of dam break is an important issue for the mitigation of 
hydraulic risk and much research has been devoted to develop improved numerical methods to 
model the flood waves due to the failure of a dam. In the present work, an algorithm for free surface 
simulations with the lattice Boltzmann method (LBM) is developed. The macroscopic fluid 
dynamics is solved through a mesoscopic approach: all details of molecular motion are removed 
except those that are needed to recover the hydrodynamic behaviour at the macroscopic scale (mass, 
momentum and energy conservation). The main advantages with respect to the Navier Stokes are 
the simplicity in modelling complex geometries and the computational efficiency. The LBM is here 
coupled to a front-tracking approach, which is to say that the interface is explicitly tracked within 
the grid. Model validation is carried out on a number of dam break test cases and the results show 
good agreement with experimental and numerical data found in literature. 
 
Keywords: Lattice Boltzmann Method, Free Surface Flow, Front-tracking, Dam Break. 
 
INTRODUCTION 
The mitigation of the risk related to a dam break phenomenon, which leads to an uncontrolled 
release of water, requires flood modelling with a detail level sufficient to capture both the spatial 
and temporal evolutions of the flood event. Traditionally, one-and two dimensional models have 
been used to model dam break flooding, but they are limited in capturing the flood spatial extent, 
timing of flood arrival and recession (JORGENSON et al., 2004). The recent advances in computer 
software and hardware technology have led to the development and application of three-
dimensional Computational Fluid Dynamics (CFD) models, based on the complete set of the Navier 
Stokes equations, also to typical hydraulic engineering cases (NAGATA et al., 2005, BISCARINI, 
2010, BISCARINI et al., 2010). However, the simulation of free surface flows is a great challenge 
due to the complexity of the moving air-water interface. The numerical methods based on the 
traditional continuum approach are usually based on rather complex correlations and often require 
transient solution algorithms with very small time steps and consequently high computational costs. 
The numerical method used in this study is based on the Lattice Boltzmann Method (LBM) 
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(HIGUERA et al.,1989, SUCCI, 2001), a newly adapted mesoscopic Eulerian solver that is 
emerging as an alternative tool for the computational modelling of a wide variety of complex fluid 
flow problems (GRUNAU et al. 1993, SHAN and CHEN, 1993, FALCUCCI et al., 2011). Several 
applications of the LBM to macroscopic multiphase flows have been proposed in literature 
(KORNER et al, 2005, THOMMES et al., 2007). In this paper the LBM Front-Tracking (FT) 
approach proposed by THÜREY et al. (2004) is applied to hydraulic flows. With this method the 
interface is basically a zero-thickness mathematical surface, explicitly tracked within the grid. The 
accuracy of the proposed method is here tested by studying the effect, on the near-field, of dam-
break phenomena in a straight channel, in an asymmetrical dam failure and in a flow over an 
obstacle performed as a flow benchmark. 
 
NUMERICAL MODEL 
In the present paper we develop a multiphase LBM model using a simplified approach for the study 
of the interface between two immiscible fluids, based on the same philosophy of the VOF (Volume 
of Fluid) technique (HIRT et al., 1981, KORNER et al., 2005, THÜREY, 2007, BISCARINI et al, 
2009). The LBM is practically the numerical resolution of the continuous Boltzmann equation: 
 ( ) 0i
eq
i i
i et i i i
f fe F f i Nτ
−∂ + ⋅∇ + ∇ = − = →ur ur  (1) 
where the particle velocity space is discretised into a finite number of directions (N) and transport 
phenomena are simulated by tracking the evolution of velocity distribution functions (or 
populations), ( ), ,if x e tr r  that describe the probability of finding a system of particles at site xr , at time t 
and with velocity e
r
. Fi represents an external body force (i.e. gravity). 
The term in the right hand side of eq. 1 is called collision operator and describes molecular 
interactions particle density change due to collisions via a single–time relaxation towards local 
equilibrium eqif  (Bathnagar-Gross-Krook BGK approximation from BHATNAGAR et al., 1954). 
The latter represents the local Maxwellian expanded to second order in the fluid speed on a typical 
timescale τ. 
In the standard LBM scheme the space-time discretization of the differential equation (1) is 
performed through a first order upwind discretization of the left side, where lattice spacing and time 
step are selected to satisfy x e tΔ = Δ . This yields the lattice Boltzmann equation LBE: 
 ( ) ( ) ( ) ( ), , , ,eqii i i i itf x e t t t f x t t F f x t f x tτΔ ⎡ ⎤+ Δ + Δ − + Δ ⋅ = −⎣ ⎦r r r r r  (2) 
The macroscopic density ρ and the velocity field u
r
 are obtained by integration over the molecular 
velocity degrees of freedom: 
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N N
ii i
i i
f u e fρ ρ
= =
= =∑ ∑r r  (3) 
In order to precisely conserve hydrodynamic moments, the set of discrete speeds ie
r  is restricted to 9 
(D2Q9) and to 19 velocities (D3Q19) for two-dimensional and three-dimensional simulations, 
respectively (SUCCI, 2001). Using a Chapman-Enskog expansion, it can be shown that the above 
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formulation recovers the dynamic behaviour of a fluid with a kinematic viscosity given by ( )22 tcs Δ−= τν (SUCCI, 2001). 
The simulation is performed on a structured Cartesian lattice with unit spacing, convenience and 
particles can only reside on the nodes. When time increases two phases are distinguished: 
- the propagation phase (left hand side of eq. 2) .All particles are advected to their neighbour 
lattice site with their respective velocities ; 
- the collision phase (right-hand side of eq. 2) The particles relax towards local equilibrium 
according to the BGK operator. 
Turbulence is modelled through a Large Eddy Simulation (LES) approach (GALPERIN and 
ORSZAG., 1993), by using the Smagorinsky model is used (i.e. the sub-grid stresses are set 
proportional to the strain rates of the resolved flow field). 
The two phase system (i.e. air and water) is modelled through the simple and efficient treatment of 
free-surface flows proposed by THÜREY (2007). The computational domain is filled up of two 
fluids, a light one, gas, and a heavy one, liquid. A single set of LB equations is solved for the heavy 
fluid, from now on referred as liquid, while the light fluid (i.e. gas) is neglected in the simulation. 
Therefore, instant by instant, the domain is a composition of liquid, gas and interface cells which 
form a closed layer between liquid and gas cells (free surface). In order to track the interface 
position throughout the computational domain, the liquid volume fraction ε(x) is introduced as an 
additional variable: 
 ( ) 0, ;  ( ) 1, ; 0 ( ) 1,x x G x x L x x Iε ε ε= ∀ ∈ = ∀ ∈ < < ∀ ∈   (4) 
where G represents the gas cells (i.e. empty cells), L the empty liquid cells and I the interface ones. 
The free surface location is tracked for a value of  ε(x) equal to 0.5. 
The computation is subdivided into the following three steps (THUREY, 2007): 
1. interface movement: is retrieved by means of the mass contained in the cell, by tacking into 
account both the mass m and the fluid fraction ε of the cell as follows: 
 ( ) ( ) ( ), , ,m x t x t x tε ρ= ⋅   (5) 
The interface motion from the flux between the cells is computed. The mass evolution can be 
followed considering the values streamed between two adjacent cells for all the lattice directions. 
For an interface cell located at position x at time t this reads as follows, 
 ( ) ( ), ,pc pci i i im C f x e t t f x tε −⎡ ⎤Δ = + Δ −⎣ ⎦r r r  (6) 
in which -i represents the direction opposite to i and the superscript pc means post-collision state. 
The value of the parameter C depends on whether the cell centered at ( ),ix e t t+ Δ  is gas, liquid or 
interface cell. The mass fraction evolution is given by the following equation: 
 ( ) ( ) ( )
1
, , ,
N
i
i
m x t t m x t m x t t
=
+ Δ = + Δ + Δ∑   (7) 
2. gas-liquid interface conditions. The hypothesis that the gas follows the fluid motion at the 
interface layer is formulated. The reconstructing procedure provides the missing populations: for an 
interface cell at site (x) with an empty cell at (x+eiΔt, t), the post-streaming density function is 
given by 
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( ) ( ) ( ) ( ), , , ,ps eq eqi i gas i gas if x t t f u f u f x tρ ρ−+ Δ = + −r r r r  (8) 
where ur  is the fluid velocity at the interface cell 
3. cell types update. 
Once the streaming and collision steps are completed, the cell type at the interface must be checked: 
the conversion between gas and liquid must be accomplished by accessing to neighbour cells. 
In order to ensure mass conservation, the excess mass is equally redistributed in the neighbouring 
cell. Then, the neighbourhood of all filled cells is computed; the neighbouring empty cells are 
turned into interface and initialized with the equilibrium distribution functions, computed with 
average density and velocity. 
 
APPLICATIONS TO DAM-BREAK PROBLEMS 
Comparison to an analytical solution 
In order to prove the validity of the employed LBM model in transient simulations, a dam-break in 
a straight channel 40 m-long has been simulated and the numerical results are compared to the 
experimental results provided by CAVAILLÉ (1965) and to the analytical solution proposed by 
CHANSON (2009). The bed is horizontal and the bottom and wall friction is neglected. The 
numerical grid is made up with a grid-spacing of 0.01 m and no-slip boundary conditions are 
assumed at the walls, modelled through the bounce back scheme (LAVALLÉE et al., 1991). At 
time zero, a 0.23 m high water volume on the first 18 meters of the channel is released 
instantaneously. A propagation wave moves downwards while a rarefaction wave goes back in the 
reservoir. Figure 1 shows the comparison in terms of dimensionless instantaneous free surface 
profiles (h/d) between numerical and analytical data and highlights the capability of the model to 
correctly predict the front wave propagation. 
 
Fig. 1 - Comparison between numerical (LBM model), analytical (CHANSON, 2009) and 
experimental (CAVAILLÉ, 1965) data. 
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Numerical results: asymmetrical dam break  
This test consists in simulating the submersion wave due to the partial collapse of a dam. The 
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spatial domain is a 200 m x 200 m flat region, with a dam in the middle. At the beginning of the 
simulation the water surface level is set to 10 m for the upstream region and to 5 m for the 
downstream one. The simulated unsteady flow is generated by the instantaneous collapse of an 
asymmetrical 75 m-long portion of the dam. The bottom is flat and ground resistance to the motion 
is neglected. Numerical results of various authors are available in literature (FENNEMA, 1990, 
BISCARINI et al, 2010), as this test is often considered a good validation benchmark. Therefore, it 
seems to be particularly suitable to highlight the differences between a LBM approach and a full 
Navier-Stokes one in terms of simulation performance and computational efficiency.  
 
Simulation setup 
The LBM numerical results are compared to those produced by a traditional CFD model: a RANS 
(Reynolds Averaged Navier Stokes) model coupled to a VoF model, which enables to track the air–
water interface throughout the domain. The numerical resolution is performed through a finite-
volume technique, employing an open source computational fluid dynamics (CFD) platform named 
OpenFOAM (OpenCFD, 2008; BISCARINI et al., 2010). For both models the time step is set to 
0.01 s and the computational mesh is made up of 800,000 nodes. 
 
Simulation results 
Figure 2 compares the LBM and NS water level at 7.2 seconds after the breach, when the flow 
reaches the left side of the tank, along sections A-A (longitudinal Y=130m) and B-B (transverse X 
= 110m). The agreement of LBM results with traditional ones is good. 
 
Fig. 2 - Comparison between LBM code and NS results in the A- A and B-B sections at 7.2 seconds  
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Computational Efficiency  
Given the same mesh, the comparison of the time spent to complete the dam break simulation 
allows to conclude that the LBM model is almost 5 times faster that NS one (1512 s vs 6841 s). 
This suggests that, for the same computational time, it is possible to get a more detailed picture of 
the flow pattern with the LBM code by decreasing the characteristic length of the computational 
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grid. Therefore, to further investigate this point, the mesh size (ΔX) was gradually thickened to 
obtain an LBM total running time equal to the NS one (table 1) and the result is that the LBM 
model allows using a 65% finer mesh with respect to the NS one ( ΔX(LBM)= 0.35 cm, ΔX(NS) = 1 
m). In order to verify the real advantage in simulation accuracy due to the use of a finer grid, future 
analysis would consist in systematic grid-convergence studies for the quantification of numerical 
uncertainty. 
 
Table 1 - Computational times of LBM simulations with different mesh size 
 
 ΔX(LBM) 1.0 m 0.8 m 0.6 m 0.4 m 0.35 m 0.3 m 
Computational time 1512 s 3011.04 s 4576.4 s 6350 s 6940 s 7300.08 s 
 
Validation with experimental data 
To check the ability of the algorithm, a breaking dam problem was simulated and compared to 
measurements from a wave tank. This test case has been proposed by the Maritime Research 
Institute of the Netherlands MARIN (KLEEFSMAN, 2005). The experimental setup consists in a 
closed rectangular channel, 3.22 m long and 1.0 m wide, with glass walls and open roof. The 
upstream reservoir, initially filled with 0.55 m of water at rest is first closed by a door, which can be 
instantaneously pulled up. In the tank, a box representing a scale model of a container on the deck 
of a ship, has been placed. Measurements of the water height are available at different gauging 
points (P1-P2-P3-P4 in figure 3). 
 
Simulation setup 
The test case was performed in a 3.22m x 1m x 1m dominion using a structured mesh composed by 
1,648,460 nodes. The boundaries of the domain are modelled as no slip walls. The simulation 
duration is set to 6 s with a time step of 0.001s. 
 
Simulation results 
The simulation results are compared to the experimental data in terms of air-water interface 
evolution in figure 4 and a good qualitative agreement can be observed. Quantitative comparisons, 
including vertical water height history at probes P4 and P2 (see figure 5), also highlight the validity 
of the numerical method. A little delay is observed in LBM results, due to the assumption of 
instantaneous collapse and to the mesh size adopted for the simulation dominion which does not 
allow to reproduce exactly the position of gauging points. 
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Fig. 3 - Experimental setup: top view. All dimensions are in m. 
 
 
 
Fig. 4 - Qualitative comparison of free water surface at 0.4 and 0.56 seconds after dam break. 
 
 
 
Fig. 5 - Comparison between experimental and simulated water surface at points P2 & P4 
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CONCLUSION 
The present paper addresses a relevant problem in hydraulic engineering: the selection of an 
appropriate model to undertake dam break flood routing in the near-field.  
A novel LBM formulation for the simulation of three-dimensional non-hydrostatic free surface 
flows is developed. The results demonstrate that this approach may be successfully applied to free 
surface flows in dam-river systems with a very high computational efficiency. The numerical 
method has been tested against numerical and experimental dam-break problems. The numerical 
results show the capability of the model to reproduce the water levels and the wave fronts with 
reasonable accuracy in the whole period of the transient simulations. 
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HYDRAULIC STRUCTURE PHOTOGRAPHS 
 
Fig. HS06 - Sipan dam on the Liwu River, Taroko Gorge (Taiwan) on 9 Nov. 2008 (Photograph H. 
CHANSON) - Built in 1940 for hydropower, the dam was equipped with an uncontrolled spillway, 
until its refurbishement in 1968 and the addition of flood gates 
 
 
Fig. HS07 - Water diversion structure for hydropower on the Ai-lia-ci River upstream of Shueimen 
township, Sandimen (Pingtung county, Taiwan) on 22 Dec. 2008 (Photograph H. CHANSON) - 
Looking downstream viewed from the left bank 
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and H. CHANSON (Eds), Hydraulic Model Report CH80/10, School of Civil Eng., The University of Queensland, 
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Abstract: In designing hydraulic structures and examining natural flows, civil and environmental 
engineers frequently rely on a pure water mathematical model coupled with an advection-diffusion 
equation. To some extent, such a single-phase model fails to accurately describe the dispersed phase 
and to take into account its interaction with the water flow. Consequently, we develop in this paper 
a multiphase model that addresses the shortcomings of standard models, improves their fidelity and 
unifies the mathematical description of transport phenomena. The text shows that the drift-flux 
model is an efficient multiphase basis for deriving mid-scale free-surface model. In particular, an 
original one-dimensional drift-flux model for free-surface flows is derived to address the specific 
problems arising in civil and environmental engineering. This approach succeeds in enhancing the 
mathematical fidelity of models for sediment, air and pollutant transport. 
 
Keywords: Hydraulics, Two-phase flow, Drift-flux model, Aerated flow 
 
INTRODUCTION 
Hydraulic engineering treats of the conveyance of fluids in a natural or anthropogenic environment. 
Common topics of design for hydraulic engineers include hydraulic structures (dams, channels, 
canals, levees, etc), water supply networks, water drainage networks, natural rivers and reservoirs, 
sediment transport, pollutant transfer,… The transport of dispersed phases affects considerably the 
flow dynamics in most of these cases. "White water" is a famous example of a air-water mixture 
(CHANSON 1997). Sedimentation and erosion also result from the transport of a dispersed phase 
(ASCE 2008; DEWALS et al. 2008). Finally, a growing concern about pollution in shallow water 
flows prompts us to assess the effect of dispersed pollutants on water flows.  
As the literature shows, civil and environmental engineers make frequent use of mathematical 
models to handle such problems. Equations give indeed a reliable basis to design hydraulic 
structures, assess the impact of river modifications, and even predict the evolution of our natural 
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environment. For this purpose, engineers rely on simplified analytical solutions of the model as well 
as discretised solutions provided by computers (Computational Fluid Dynamics).  
When dealing with the transport of air and sediments, hydraulic engineering mostly recourse to the 
Reynolds-averaged Navier-Stokes equations (ISHII and HIBIKI 2006): 
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( ) ( ) ( )
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v
v v v τ τ g
 (1) 
where vw is the water velocity, pw the pressure, ρw the fluid density, τw the viscous stresses usually 
given by the Newton law of viscosity, and g the gravity acceleration. The turbulent stresses τTw 
account for the effect of random turbulent fluctuations in fluid momentum. An advection-diffusion 
equation for passive scalars (GRAF and ALTINAKAR 1998) supplements equations (1) in order to 
account for the transport of the dispersed phase: 
 ( ) ( )TmC . C . Ct∂ +∇ =∇ χ ∇ + +∂ v q F  (2) 
where C is the concentration in passive substance, χm the coefficient of molecular diffusion, qT the 
turbulent contribution to the flux, and F the source term in passive substance.  
In the one-dimensional framework, equations (1) are area-integrated over a flow cross-section 
presenting a free surface. It gives the following equations: 
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which are the Saint-Venant equations. The pressure terms are defined as: 
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Where ξ[m] is the depth integration variable along the vertical axis, l(x,ξ) is the width of the cross 
section such that l(x,h) is the width of the free surface,  Ω[m²] is the flow area, uw[m³/s] the flow 
velocity along the main direction of the stream, g[m²/s] the gravity, S0[-] the bed slope, and Sf[-] the 
head-loss term computed with empirical resistance law. It integrates the effect of both the 
turbulence and the friction. Finally, h[m] is the water height, l[m] the free-surface width, hfs[m] the 
free-surface elevation, and hb[m] the bottom elevation. The Boussinesq coefficient β accounts for 
non uniform velocity profiles. Complementing Saint-Venant equations, the one-dimensional 
advection-diffusion equation for passive scalars describes the transport of the mass concentration C 
in dispersed phase (GRAF and ALTINAKAR 1998): 
 ( ) ( ) ( )d TwC Cu q qt x x∂ ∂ ∂Ω + Ω = Ω+ Ω∂ ∂ ∂  (5) 
where qd is the diffusive contribution to the flux, and qT is the turbulent contribution to the flux. 
Additional constitutive equations close the system by specifying qd and qT. In the case of sediment 
transport, the Exner equation (GRAF and ALTINAKAR 1998) is usually added to account for the 
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mobility of the bed caused by deposition and erosion: 
 ( ) bz1 p .
t
∂− +∇ = −∂ s sq e  (6) 
where p is the porosity of the mobile bed, zb the bed elevation, qs the sediment flux, and es the net 
erosion rate. Additional constitutive equations specify the value of the last two terms.  
A close scrutiny of equations (1)-(2) (3D model) and equations (3)-(5) (1D model) reveals however 
weaknesses in the mathematical formulation. First, the definition of the concentration C is wooly, 
especially its physical meaning at the local level. This lack of definition causes problems in 
applying turbulence models. Second, Navier-Stokes equations take only partly in account the 
adverse effect. Third, head losses in single-phase flows can be readily computed with well-
established correlations like Manning-Strickler or Colebrook formulations. However, additional 
head-loss has to be accounted for in two-phase flows. It requires adapting friction correlations. 
Fourth, the diffusion in the transport equation is very case-specific. Such a limitation does not 
accord with the physic of multiphase phenomena (ISHII and HIBIKI 2006). Finally, interactions 
between the Exner equation and the water flow are not fully accounted for. 
The shortcomings of the standard models have prompted us to investigate how multiphase theories 
may constitute an adequate alternative to single-phase models. To date, the use of multiphase 
models in mid- and large-scale civil and environmental engineering has remained circumscribed to 
a limited number of attempts. As mentioned by SPASOJEVIC and HOLLY in (ASCE 2008), “the 
two-phase flow approach seems promising” but “the formulation of governing equations in flow-
sediment problems are still in their infancy”. In this respect, a study (GREIMANN et al. 1999) used 
a two-phase formulation to determine the concentration and velocity profiles of a dilute suspension 
of particles in a 2D uniform flow. Another study (WU and WANG 2000) reviewed the governing 
equations of the main two-phase flow models, namely the drift-flux model and the two-fluid 
models. They present their general theory without developing specific models or validate the 
approaches. Finally, several researchers (HSU et al. 2003; BOMBARDELLI and JHA 2009; JHA 
and BOMBARDELLI 2009) developed two-fluid models and supplied them with appropriate 
closure relations for simulating sheet flows. 
The objective of this research is thus to rigorously develop a unified mathematical model that 
describes the transport of a dispersed phase and overcomes the shortcomings of standard methods. 
Four requirements are sought for the new model. First, it must adequately account for the multiple 
phases transported in the flow. Second, it must integrate the effect of scale heterogeneities in time 
and space. Third, it must remain affordable from a computational point of view (1D). Finally, the 
model must be adapted to industrial issues in civil and environmental engineering. For this purpose, 
we perform here a theoretical analysis of available multiphase models.  
As demonstrated in this paper, the drift-flux model achieves these objectives in many respects and 
overcomes shortcomings identified in the standard formulation. In particular, an original one-
dimensional drift-flux model for free-surface flows is derived to address the specific problems 
arising in civil and environmental engineering. This approach succeeds in enhancing the 
mathematical fidelity of models for sediment, air and pollutant transport. From a practical point of 
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view, hydraulic softwares based on the drift-flux model may increase in fidelity by considering 
much more details about the flow structure. Experimental investigators may gain also new insight 
into experimental and field data by analyzing them with a multiphase model. 
 
THREE-DIMENSIONAL MULTIPHASE MODEL 
Multiphase flow theories originate mainly from chemical and mechanical engineering. Their 
application to civil and environmental engineering remains in its infancy. Consequently, 
establishing a multiphase model for mid-scale free-surface flows requires an important theoretical 
research. This section proposes a critical analysis of standard multiphase models. Evidences suggest 
the drift-flux model constitutes a consistent paradigm to meet the objective of this research and 
overcome shortcomings of standard models.  
A rigorous two-phase flow solver should solve at the same time the local instant variables 
describing the behaviour of each phase. This is the local constant formulation (ISHII and HIBIKI 
2006; KERGER et al. 2010). Obtaining a solution this way is however beyond the present 
computational capability for many engineering applications (ISHII and HIBIKI 2006). 
Consequently, various researchers derived simplified models by averaging the Local Instant 
Formulation. Many averaging methods have been developed and used to study two-phase flow 
systems (ISHII and HIBIKI 2006). In particular, application of Eulerian averaging gives birth to 
two different models, the Drift-flux model and the Two-fluid model. Both models are extensively 
discussed (e.g. WU and WANG 2000; ISHII and HIBIKI 2006). Since the drift-flux model 
describes the multiphase flow as a single-phase mixture flow whose variables refer to the center of 
mass of the system, it seems more suitable for application in civil and environmental engineering. 
The motion of the dispersed phase is treated in terms of diffusion through the mixture.  
Three-dimensional drift-flux model is obtained by Eulerian time averaging of the Local Instant 
Formulation (ISHII and HIBIKI 2006; KERGER et al. 2010). It results in a continuity equation for 
the mixture, a diffusion equation expressing the continuity of the dispersed phase and a momentum 
equation for the mixture flow: 
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The momentum equation for the dispersed phase is neglected in favor of a constitutive equation for 
the relative velocity between the center of mass and each phase. The parameter αd is the void 
fraction of the dispersed phase, ρm the mixture density, and vm the velocity of the centre of mass of 
the system, which is different from both the water velocity and the dispersed phase velocity. The 
drift velocity Vdm is defined as the relative velocity with respect to the mass center of the mixture. 
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The mass source term Γd accounts for the exchange of mass between the water and the active 
dispersed phase. It is usually given by a case-specific correlation. The mixture pressure pm is a 
primitive unknown. The mixture momentum equation includes three kinds of stresses: the classical 
Newtonian viscous stresses τm, turbulent stresses τT and diffusion stresses τD due to the relative 
velocity between phases. Finally, the mixture momentum source term Mm represents the effect of 
the surface tension on the mixture momentum.  
Comparison of the drift-flux model (7) with the standard model (1)-(2) underlines many 
similarities. Both models consist in three partial differential equations expressing the mass and 
momentum conservation. On the contrary, several discrepancies appear between both models. Since 
it depends on the void fraction, the mixture density ρm is no longer constant even if both phases are 
incompressible: 
 ( )m d w d d1ρ = −α ρ +α ρ  (8) 
where ρd is the dispersed phase density. Similarly, the mixture velocity vm is neither the velocity of 
the water vw nor the velocity of the dispersed phase vd. It is the velocity of the center of mass of the 
mixture: 
 ( )d w w d d dm
m
1−α ρ +α ρ
ρ
v v
v    (9) 
The mixture continuity does not ensure the continuity of the water, but the continuity of both the 
water and the dispersed phase taken as a whole. 
Diffusion equation accounts for the conservation of the dispersed phase only and governs the 
evolution of the void fraction αd. This parameter is rigorously defined as the probability to find the 
dispersed phase at a given point x0 (ISHII and HIBIKI 2006; KERGER et al. 2010) 
 
[ ]
[ ]
[ ]dk dt
t1
M dt
t tΔ
Δα = =Δ Δ∫  (10) 
where Md is the density function, the value of which is one in presence of the dispersed phase and 
zero in any other case. The time interval is broken down into [Δt] = [Δt]w+[Δt]d where [Δt]w is the 
set of time intervals in which the characteristics of the water dominate and [Δt]d is the set of time 
intervals in which the characteristics of the dispersed phase dominate. Void fraction may be 
considered as a concentration in dispersed phase. What is more, drift-flux model accounts for all 
form of diffusion and relative velocities thanks to the notion of diffusion velocity: 
 dm d m−V v v   (11) 
Diffusion velocity can have any form and must be given by a case-specific constitutive equation. 
The diffusion equation does not enclose a turbulent flux. It is a key point and a direct consequence 
from the definition of the void fraction, which is an averaged value that appears naturally in the 
time-integration of the local Instant Formulation. The well-defined concentration does not generate 
turbulent terms in the drift-flux theory!  
Finally, the mixture momentum equation differs from Navier-Stokes model by resorting to the 
mixture parameters. In particular, the mixture pressure pm describes both phases. What is more, 
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mixture momentum equation integrates the contribution of three kinds of stresses, namely the time-
averaged viscous stresses mτ , the stresses Dτ  originating from the difference in velocity between 
both phases, and the turbulent stress Tτ  due to the macroscopic effect of the local instant variations 
in both phases. All of them are given by constitutive equations and closure model .A new head loss 
that appear in the drift-flux model is the mixture momentum source term Mm. It represents the 
effect of the surface tension on the momentum, which is totally neglected in the standard model.  
In conclusion, 3D drift-flux model constitutes a process oriented alternative to 3D RANS model for 
modelling transport phenomena in mid-scale applications. This model overcomes most of the 
shortcomings identified in the introduction. 
 
AREA-INTEGRATED DRIFT-FLUX MODEL 
Computation of three-dimensional models requires in many cases a prohibitive computational 
effort. If the flow is essentially one-dimensional (river, channel, pipe,…), hydraulic engineers 
usually simplify 3D models by area-integrating them over the flow cross-section (CUNGE et al. 
1980). It results in one-dimensional model easier to solve. In this respect, 1D drift-flux models that 
we found in the literature only describe pressurized flows. Such models are not sufficient for many 
practical cases in civil and environmental engineering. Consequently, we derive here an original 1D 
free-surface drift flux model.  
For this purpose, we consider an integration domain defined by a general cross-section presenting a 
free-surface (Fig.1). The integration takes into account vertical variations of the flow parameter by 
considering a multi-layer integration domain (Fig.1). The integration gives the following set of 3 
partial differential equations for each layer: 
• The mixture continuity equation: 
 ( ) ( )m,lm l m ll l u 0t x∂ ∂ρ Ω + ρ Ω =∂ ∂ %  (12) 
• The diffusion equation for the dispersed phase: 
 ( ) %w dm,l dj,ld l d l d l ll l l
d lm l
u U
t x
⎛ ⎞∂ ∂ ρ Γα Ω + α Ω + α Ω = Ω⎜ ⎟ ρ⎜ ⎟∂ ∂ ρ⎝ ⎠
%  (13) 
• The mixture momentum equation: 
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                                            g S S gP p
x
Ω
∂Ω
⎛ ⎞α∂ ∂ ∂ ρ ρρ Ω + β ρ Ω + + Ω⎜ ⎟⎜ ⎟∂ ∂ ∂ − α ρ⎝ ⎠
∂= ρ Ω − + ρ − Ω∂
% % %
 (14) 
where the subscript l indicates the layer considered, lΩ  is the area and l  the area average: 
 
l
l
l
1
f fdA
ΩΩ ∫   (15) 
Like for 3D models, comparison of the original drift-flux model (12)-(14) with the standard model 
(3)-(6) underlines both similarities and discrepancies. Both models consist in three partial 
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differential equations for each layer.  
The mixture continuity equation has a very similar form to the Saint-Venant equation. However, the 
new model describes the evolution of mixture parameters instead of water variables. It is thus 
expressed in terms of mean density of the mixture m lρ and mean mixture velocity m,lu% : 
 ( ) m m lm,lm d d d wl l l
m l
u
1    and  u
ρρ α ρ + − α ρ ρ
%     (16) 
 
Fig. 1 – The domain of integration includes a free-surface and several layers. 
 
 
The continuity equation ensures the conservation of both phases as a whole but not separately.  
The diffusion equation (13) differs more deeply from the advection-diffusion equation (5). The 
concentration is now precisely defined as the mean value of the void fraction d lC α  . The 
diffusive qd and turbulent qT contributions to the flux are replaced by a single term depending on 
the area-averaged drift velocity %dj,lU . This term accounts for the relative velocity between both 
phases: 
 % d d ldj,l d dll l
d l
u
U u j   with    u
α− α     (17) 
where j  is the area-averaged volumetric flux defined as follows: 
 ( )d d d wl l ll lj u 1 u= α + − α  (18) 
Drift-velocity is intimately linked to diffusion velocities but constitutes a most convenient 
parameter to determine. This formulation of the diffusion is obviously more rigorous and consistent 
than the determination of the diffusive flux in a transport equation.  
Finally, mixture momentum equation (14) also differs widely from Saint-Venant equations because 
it relies on the mixture parameters instead of water variables. What is more, new pressure terms 
appear and are defined as: 
 ( )( ) ( )( )s ,ls ,l s ,l
l l
l b ,l
h
h h w
m s,l m s,lz z
h
l
P h x,t z dA       and      P h x,t z dz
xΩ ∂ΩΩ −
∂⎛ ⎞⎡ ⎤= ρ − = ρ −⎜ ⎟⎣ ⎦ ∂⎝ ⎠∫ ∫  (19) 
where the means value s ,lhm zρ is defined as: 
 ( )s ,ls
h
h ,l
m mz
s,l z
1
x,z,t dz
h z
ρ = ρ− ∫  (20) 
Consequently, new pressure terms take into account the two-phase configurations of the flow. On 
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the other hand, the pressure s,lp  exerted at the interface between l
th and (l+1)th layer accounts for the 
link between the various layers. In addition, the effect of the relative velocity between phases 
appears explicitly under the form of a diffusion stress. Its value depends only on the drift-velocity 
%
dj,lU . Finally, remaining head losses terms appearing in the integration are conflated into friction 
slope F,lS . It integrates contributions of turbulence, surface tension at interfaces, and friction with 
the river bed. Its value must be computed thanks to a friction correlation (Homogeneous Colebrook, 
Martinelli-Lockhart,…) that takes into account multiphase interactions. 
 
CONCLUSION 
Comparison of the standard model with the 3D drift-flux model underlines the advantages offered 
by the multiphase approach. In particular, the drift-flux theory addresses all the identified 
shortcomings in the standard model. This conclusion is confirmed in deriving an original one-
dimensional free-surface drift flux model. The new model presents a more accurate description of 
the interactions between the water and the dispersed phase. It also covers a wide range of potential 
applications by unifying the mathematical description of sediment, air and pollutants transport.  
From a practical point of view, hydraulic software’s based on the drift-flux model may increase in 
fidelity by considering much more details about the flow process. It also provides a unified 
framework to create single software for sediment, air and pollutants transport. Investigators may 
also gain new insight into experimental and field data by analyzing them with a multiphase model.  
Present results pave the way for further research. The approach presented here should be extended 
to two-dimensional problem and to pressurized flows as well. Experimental research should supply 
the model in case-specific constitutive laws and validation cases. 
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Fig. HS08 - Check dam on the Cardoso River upstream catchment, Tuscani (Italy) on 31 June 2007 
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Abstract: The design of hydraulic structures requires peak flows or hydrographs, which are usually 
provided by hydrological models. Different hydrological methods, considering ranges for the main 
parameters, should be taken into account sizing structures with high risk of failure. The main 
objective of this work is to apply a methodology for hydrological model building within a GIS 
environment, emphasising recent progresses resulting from the use of these automated procedures 
but highlighting uncertainties in model construction and results. HEC-HMS hydrological models 
were built for the Aljezur basin, in Portugal, using GIS Arc Hydro and HEC-GeoHMS tools, within 
ArcGIS environment. Obtained results from Aljezur models built with 46 and 200 sub-basins show 
that the maximum discharge tends to occur sooner and higher for the 200 sub-basin model; peak 
flow difference reaches 18% for the 100-year return period. Despite the 200 sub-basin model 
benefits from a more detailed surface characterization, the corresponding increase of river network 
density, associated with river data and modelling limitations, may increase the model sources of 
uncertainty. The use of such automated tools may extend the analysis to achieve limit conditions 
sizing hydraulic structures. 
 
Keywords: Design hydrographs, GIS, Hydrologic Modelling, Uncertainty. 
 
INTRODUCTION 
Several flood events have occurred over the years in Aljezur, a small creek located at the Algarve’s 
west coast in Portugal. As many other small watercourses in Mediterranean area, Aljezur has almost 
no flow during the dry season but has torrential flows for the rainy periods. The drainage area is 
about 180 km2 and the main watercourse is 36 km long. Very recently water rose through a bridge 
with widespread flooding in the surrounding area and closure of several roads. The construction of a 
regularization dam has been considered for flood mitigation.  
The design of hydraulic structures needs the prediction of peak flows or hydrographs associated to 
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conventional return periods, as higher as the risk of failure, which are obtained from hydrological 
models. Models usage to simulate the response of un-gauged basins to historical rainfall events may 
also be of great value studying the behaviour of hydraulic structures and scour occurrences. 
Modelling is indispensible for producing flooding maps and risk management and mitigation plans. 
The selection of the models for hydrological losses, rainfall/runoff transformation and flow routing, 
as well as the level of aggregation in sub-basins, depends on the addressed problem and on the 
available data for model building and validation.  
Geographic information systems (GIS) are currently the main source of data for hydrologic 
modelling, namely on topography, physical characteristics of streamlines and use and soil type. The 
use of digital elevation models (DEM) for automated delineation of watersheds and river networks 
has increased considerably in recent years. There are GIS analysis tools that allow the processing of 
topographic data and the determination of several hydrological parameters. Advantages of using 
these automated approaches include reliability and reproducibility of the process, saving time and 
labour (SAUNDERS 1999). Additionally, automated approaches allow the production of hydrologic 
models detailed in the space and the possibility to apply different hydrological methods and limit 
conditions for their parameters. However, the level of basin division in smaller sub-basins has to be 
consistent with the detail of the whole available data and with the hydrological model input 
parameters.  
The objective of this work is to present a methodology for hydrological model building within a 
GIS environment, emphasising recent progresses resulting from the use of these automated 
procedures but also highlighting uncertainties in model construction and results. The methodology 
is presented through its application to the Aljezur basin, being also described: the nature of used 
information; data processing requirements; the meaning of generated hydrological parameters; and 
the main simplifications and options for model building. Results provided by two models built with 
different level of sub-basin division are compared. 
 
MODEL CONSTRUCTION 
Figure 1 represents the schematic relationship between the basin modelling activities, the input data 
(topographic, land cover and soil type), the GIS tools (Arc Hydro and HEC-GeoHMS, within 
ArcGIS environment), the data produced and the hydrologic model (HEC-HMS) files generation.  
HEC-HMS is a widespread program of hydrological modelling, developed by the Hydrologic 
Engineering Centre of U.S. Army Corps of Engineers (USACE, 2009a). HEC-HMS components 
include basin models, meteorological models, control specifications and input data, such as 
time-series data, gridded data, etc. It offers different methods to simulate the several hydrologic 
processes and uses seven different types of elements to route water through the drainage area: 
Sub-basin, Reach, Reservoir, Junction, Diversion, Source and Sink (USACE, 2009a).  
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Fig. 1 - Schematic relationship among the GIS tools, data files and HEC-HMS 
 
 
 
Attainment of design hydrographs led to the development of the following five activities. 
 
Construction of the digital elevation model (DEM)  
Surface 3-D measured points and contour lines corresponding to the Aljezur area, from a 1:25 000 
digitalized Portuguese Military Charts, an initial digitalized stream network of the Algarve 
Portuguese region and an initial boundary of the study area were loaded as data source for the DEM 
Terrain construction. The DEM was created with an average point spacing of 5 meters. A raster 
image was extracted from the Terrain with 25 meter cells. 
 
Delineation of the hydrographic network and sub-basins 
The delineation of the stream network and sub-basins was done with the use of Arc Hydro tools, 
which were designed by ESRI in association with Center for Research in Water Resources from the 
University of Texas at Austin. Arc Hydro tools support the derivation of physical and hydrological 
data from DEMs in ArcGIS environment (WHITEAKER and MAIDMENT 2004).  
The DEM has to be processed in order to make it hydrologically correct (i.e., to ensure the existence 
of a continuous hydrological path, essential for the generation of a river system consistent with 
reality). The processing of the DEM to delineate sub-basins is called terrain pre-processing, which 
consists of a series of steps that must be performed with a specific order: DEM reconditioning; flow 
direction; flow accumulation; stream definition; and, finally, sub-basins definition (MERWADE, 
2009). DEM reconditioning involves changing the elevation data of the DEM to be more consistent 
with the stream network digitalized from the Portuguese military charts, assuming that the military 
water lines data are more reliable than the interpolated DEM. The DEM is "burned" along the water 
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lines to create a distinct profile (groove), that does not exist in raw DEM due to lack of elevation 
information. Furthermore, sinks and depressions must be eliminated on the DEM’s elevation grid, 
to avoid spurious retention in cases of cells surrounded by cells with higher elevation. The elevation 
value of these cells is modified such that the DEM represents correct stream delineation, presenting 
a continuous hydrological path without water accumulation. The reconditioning process 
transformed the initially built DEM into a hydrologically correct DEM.  
Arc Hydro computes the flow direction in each grid cell using the Deterministic Node-8 algorithm 
(O’CALLAGHAN and MARK, 1984). Then, it computes the flow accumulation grid through an 
iterative algorithm based on the concept of flow direction (OLIVERA and MAIDMENT, 1999). 
The cells with higher accumulated flow delineate the stream network (HURVITZ, 1998), which can 
be represented with different level of detail. By default, Arc Hydro selects the cells with 
accumulated flow higher than 1% of the maximum accumulated flow (the flow from the whole 
basin). A lower stream threshold (ST < 1%) results in a denser stream network and consequently in 
a greater number of sub-basins. Aiming to assess the influence of the stream definition in the 
hydrological modelling results, two distinct networks were created using different stream 
thresholds: ST = 1%, and ST = 0.25%. Therefore, the sub-basins were delineated, resulting in 46 and 
200 sub-basins, respectively. Figure 2 presents sub-basins for each of the stream network definition. 
 
Fig. 2 - Aljezur definition of sub-basins for ST = 1% and for ST = 0.25% 
 
       
         
 
Construction of Aljezur SCS Curve Number grid 
In this work, the model of the Soil Conservation Service (SCS) was selected for simulating both 
hydrological losses and precipitation/runoff transformation in sub-basins, due to his extensive use 
and recognized simplicity. The SCS method is based on determining the sub-basins curve number 
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(CN), which depends on the land cover, hydrologic soil group and soil conditions. The Corine Land 
Cover 2006 chart and the Lithological chart, both at scale 1:25 000, were used in this work. Due to 
the absence of a direct classification of the Portuguese soils about hydrologic groups, the Aljezur 
soil groups distribution was supported by soil erosion tables (PIMENTA 1998), which characterize 
the soils, among other parameters, by particle size and permeability classes. The hydrologic group 
classification was based on a qualitative analysis of the permeability and executed according to 
JACOB (2009). The CN grid for the Aljezur basin was created using the GIS tool HEC-GeoHMS. 
The curve numbers for each land use category and soil group were defined taking into account the 
Natural Resources Conservation Service (NRCS, 1986) and considering the soil antecedent 
moisture conditions (AMC-II). 
 
GIS / HEC-HMS interface 
The characterization of the basin through several parameters and the generation of data files for 
HEC-HMS simulation software, was done using the GIS tool HEC-GeoHMS.  
HEC-GeoHMS was developed by USACE as a geospatial hydrology set of tools to work in ArcGIS 
environment and facilitate the transfer of data to HEC-HMS. It can display spatial information, 
basin characteristics, perform spatial analysis and built files that can be directly used by HEC-HMS 
(USACE 2009b). For the current study, the model outlet was defined at the previously referred 
bridge section, upstream the estuary and tidal influence area. The physical characteristics of 
sub-basins and streamlines were stored in attribute tables and several hydrologic and morphologic 
parameters, which are required by HEC-HMS, were calculated or attributed. The relevant 
parameters to the HEC-HMS model construction are presented in Table 1, for each river segment 
and sub-basin. Two HEC-HMS models were created based on the two different levels of stream 
definition. 
 
Table 1 – Relevant morphological and hydrological parameters used for model construction 
 
Parameters for each river segment 
RiverLen River segment length 
Slp River segment slope 
Shape River segment channel shape (triangular, rectangular or trapezoidal) 
Manning River segment channel Manning’s number 
Parameters for each sub-basin 
Area Sub-basin area 
BasinSlope Sub-basin average slope  
LongestFlowPath Sub-basin longest flow path 
Centroid Sub-basin gravity centre (or centre of the longest flow path) 
CentroidalLongestFlowPath Flow path from the centroid along the sub-basin longest flow path 
BasinCN Sub-basin average CN value 
BasinLag Sub-basin lag time (hours) 
 
As previously referred, the SCS model was selected for simulating both hydrological losses and 
precipitation/runoff transformation. Hydrological losses are calculated based on the curve number 
(BasinCN parameter in Table 1). Precipitation/runoff transformation depends on the lag time 
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(BasinLag parameter), which is function of the basin longest length, slope and CN 
(Longestflowpath, BasinSlope and BasinCN parameters). Centroid and CentroidalLongestFlowPath 
parameters are used for the model graphical representation. The kinematic wave method was 
selected for channel flow routing, due to its physical based nature. This model uses the channel 
length, slope, shape and Manning’s number (RiverLen, Slp, Shape and Manning parameters). 
 
Implementation of a simulation plan with HEC-HMS 
Simulations were prepared for the two created models (46 and 200 sub-basins) using design 
hyetographs, for different return periods (2, 5 10, 20, 50 and 100 years) and for different peak 
durations (15, 30, 45, 60 and 90 minutes). The shape of the used design hyetograph was proposed 
by MATOS (1987), based on the analysis of the extreme rainfall hyetographs for several selected 
rain gauge stations in Portugal. It has 4 hour duration and its total depth and maximum intensity are 
calculated based on the local intensity-duration-frequency (IDF) curves. The hyetograph duration is 
longer than the basin time of concentration for the simulated storms. IDF curves from two local rain 
gauge stations (BRANDÃO et al. 2001) and an areal reduction factor (US Weather Bureau 1957) 
were considered. Figure 3a illustrates a hyetograph for a 30-minute peak flow duration. 
 
RESULTS AND DISCUSSION 
Simulation results at the outlet are presented in Figure 3, where T means the return period. 
Simulations for different hyetograph peak flow durations were run only for the 2-year and for the 
100-year return period, since the obtained results show a small influence of the peak flow duration 
on the maximum discharge and on the shape of the hydrographs at the outlet structure (Fig. 3c). 
This may be explained by the outlet peak flow dependence from the superposition of three main 
sub-basin hydrographs with different times of concentration. 30-minute peak hyetographs were used 
for the other return period simulations. 
With the increase of the return period, the maximum discharge at the outlet increases significantly 
and, as velocities rise, occurs sooner. For the same return period, the outlet discharged volumes are 
similar for the 200 and the 46 sub-basin model. However, for the 200 sub-basin model, the 
maximum discharge tends to occur sooner and higher with the increase of the return period than for 
the 46 sub-basin model – while the peak flow for the 2-year return period is approximately the same 
for both models (40 m3/s), the peak flow for the 100-year return period is 18% higher for the 200 
sub-basin model than for the 46 sub-basin model (824 m3/s and 700 m3/s, respectively). This may 
be attributed to the higher density of the stream network in the 200 sub-basin model and to the rise 
of the stream flow velocities for higher flows. However, it must be highlighted that the stream flow 
is being routed by the kinematic wave method assuming trapezoidal channels and an attributed 
Manning’s number for each reach, while, in practice, part of the higher flows surcharge to stream 
adjacent flooding areas, with larger and variable widths, lower Manning numbers and higher 
retention appetencies. Backwater effects cannot be simulated by the kinematic wave method, but 
are not expected to be relevant in the modelled area. Therefore, despite the 200 sub-basin model 
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benefits from a more detailed surface characterization, the corresponding increase of river network 
density, coupled with river data and modelling limitations, may increase the model sources of 
uncertainty.  
 
Fig. 3 – Input hyetograph and results at the outlet for the two different models (46 and 200 
sub-basins) and for several return periods (T = 2, 5, 10, 20, 50 and 100 years): a) hyetograph; 
b) peak flows; c) hydrographs 
 
 
 
CONCLUSION 
The design of hydraulic structures requires peak flows or hydrographs, which are usually provided 
by hydrological models. A methodology using GIS Arc Hydro and HEC-GeoHMS tools, within 
ArcGIS environment, was applied to build HEC-HMS hydrological models for the Aljezur basin. 
These automated approaches benefit from the use of GIS data, enhance the basin hydrological 
characterization and facilitate the construction of models using different hydrological methods. 
Obtained results from Aljezur models built with 46 and 200 sub-basins (by using ST = 1% and 
ST = 0.25%, respectively) show that the maximum discharge tends to occur sooner and higher for 
the 200 sub-basin model; peak flow difference is irrelevant for the 2-year return period but reaches 
18% for the 100-year return period. As previously discussed, although the 200 sub-basin model 
benefits from a more detailed surface characterization, the corresponding increase of river network 
density, associated with river data and modelling limitations, may increase the model sources of 
uncertainty. 
This study highlighted the uncertainty associated to the model hydrographs and the importance of 
using automated tools to achieve limit conditions designing or studying hydraulic structures, 
namely using different hydrological methods and ranges of values for the main parameters. 
a) 
b) 
c) 
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Session Report 
 
SESSION NO. TS1A 
Chairman: Gints Jaudzems 
Rapporteur: João Jacob 
Advocatus diaboli: Georg Heinz 
Session speakers: Ines Meireles and Michele Palermo 
 
1ST PRESENTATION 
Title: Flow characteristics along a USBR type III stilling basin downstream of 
steep stepped spillways 
Author(s): Inês Meireles, Jorge Matos, Armando Silva-Afonso 
Speaker: Inês Meireles 
 
Brief description of author(s) approach: 
The presentation concerned the possibility of considering a USBR type III basin downstream of a 
stepped spillway for limited discharges and moderate velocities at the entrance of the basin.  
The authors presented new measurements that were acquired in a large-scale experimental facility 
comprised by a steep stepped spillway followed by a stilling basin designed according to the USBR 
recommendations for type III stilling basins. 
Were presented detailed flow characteristics along the basin that were measured systematically for 
several flow rates. 
There were presented some of the results concerning the pressure head and flow depth profiles for 
the basin.  
 
Questions and answers: 
During the round table session discussion several questions were raised and some points of interest 
have been explored. 
The pressure fluctuation subject was raised by the participants and the author explained that were 
only considered average pressures and that up to 20% (+/-10%) fluctuations were visually 
estimated. Pressure transducers were not used. 
The author referred that Basin design was done with empirical models of the flow down stepped 
spillways, although it would be valuable to compare which dimensions would be attained down a 
similar smooth spillway. 
It was asked by the participants in the session discussion if uniform flow conditions were obtained 
and the author answered that only gradually varied flow was obtained. 
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Rapporteur's appreciation:  
Very good work. This work allows a better understanding on the designing of basins located 
downstream of a stepped chute and a comparison between different design approaches. It will be 
interesting the continuity of this research, expanding, like the author says, to different stilling basins 
types and other chute steps heights to get wider results. 
 
2ND PRESENTATION 
Title: Pressure distribution in plunge pool scour 
Author(s): Iacopo Carnacina, Stefano Pagliara, Michele Palermo, Dipankar Roy  
Speaker: Michele Palermo 
 
Brief description of author(s) approach: 
This work presents an overview about plunge pool scour analysing the pressure field created below 
the scour hole due to plunging jets. 
Was installed an experimental facility to register the pressure distribution inside the bed material 
below the plane plunge pool scour hole, that depends on the jet discharge, jet impact angle, 
tailwater level, densimetric Froude number, and the granulometric properties of the basin material.  
The pressure was measure for several conditions and in different points of a grid, results were 
compared and were predicted pressure fields below the scour hole and on the dynamic sour hole 
surface. 
 
Questions and answers: 
Some questions and points of interest were raised and explored during the round table session 
discussion. 
There were maid some questions about the experimental installation, and it came forward the bed 
material characteristics. The author stated that was used a uniform granular material to simulate the 
crushed bed downstream of the dam spillway. 
Was asked if it isn’t noticeable the wall influence in the experimental facility and the author said 
that there was no transversal variation of the average pressure on the same horizontal plane so it 
was considered no wall influence. Only 2D conditions were considered. 
The participants in the discussion suggested experimental testing changing the jet diameter but the 
author claimed that it has to be checked with other equipment and other material. 
 
Rapporteur's appreciation:  
Very interesting work. It was presented an approach to investigate the pressure distribution below 
the scour pit in presence of plunging jet, which tries to simulate the plunge pool downstream 
spillways. It’s very useful the knowledge of the pressure propagation over and inside the bed 
material for a correct design of the energy dissipator formation. 
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Session Report 
 
SESSION NO. TS1B 
Chairman: Ricardo Martins 
Rapporteur: Farhad Nazarpour 
Advocatus diaboli: Helena Nogueira 
Session speakers: Brian M. Crookston, Iacopo Carnacina, Olivier Machiels 
Other participants: Blake Tullis, Niels Kerpen, Rami Malki 
 
1ST PRESENTATION 
Title: El Chapparral dam model: rooster tail formation on high sloped 
spillway 
Author(s): Iacoppo Carnacina, Sahameddin Mahmoudi Kurdistani, Michele 
Palermo, Stefano Pagliara 
Speaker: Iacoppo Carnacina 
 
Brief description of author(s) approach: 
This paper aims to analyse the rooster tail characteristics downstream of chute expansion on a 50° 
sloped model. The El Chaparral dam prototype is characterised by a maximum discharge of 6700 
m³/s and the presence of an aerator in the spillway central section further contributes to increase the 
elevation of the rooster tail. The dam spillway is characterised by the presence of two lateral 
abutments and three central upstream round nose piers of equal width, which have been designed at 
the same distance. The spillway crest presents a Creager profile and flow depth can be regulated by 
the presence of four radial gates. The main characteristics of the flow propagation, jet height and 
width, shockwaves and wave reflection on the model side wall for different Froude number and 
gate openings have been analyzed and a photographic analysis of the flow propagation 
characteristics have been performed. Results have also been compared with equation developed for 
flow expansion downstream of chute pier for supercritical zero gradient bottom. 
 
Questions and answers: 
In the discussion session first of all the speaker asked the participants whether they are familiar 
with this kind of very small scale model that is in this case 1:75. He explained this might seem to 
lead to bad results but his colleagues and he had acquired quite good results. One question was 
popped up regarding the selected background picture of the presentation which was not actually 
related to the main applied prototype (as the author said). This question turned the attentions to that 
the opening size can be a very important factor to obtain different results. Then, the author was 
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asked if he had ever attempted to modify the pier geometries. The authors explained he took several 
shapes into account, but finally he reached the point where this shape was selected as an efficient 
geometry. In terms of inflow conditions and his special considerations he explained that much 
attention was paid to avoid high turbulence and keep the water surface flat. 
 
Rapporteur's appreciation:  
The author’s eagerness in responding to comments and questions are appreciated. I personally 
suggest that the presentation should have been clearer. The pace of the presentation was quite good. 
 
2ND PRESENTATION 
Title: Hydraulic Performance of Labyrinth Weirs 
Author(s): Brian M. Crookston, Blake P. Tullis  
Speaker: Brian M. Crookston 
 
Brief description of author(s) approach: 
The core of this paper is to improve the design and analyses of labyrinth weirs. Herein a study (in 
progress) has been undertaken based upon laboratory scale model data, case studies, and published 
research. A portion of the experimental setup, test procedure, and experimental results of the study 
are presented. Results include an expansion of the design methodology of Tullis et al. (1995) to 
include additional sidewall angles and half-round crest data. Also, a method for comparing the flow 
capacity of weirs of different geometries (as a function of HT/P) to determine an efficient structure 
is set forth. Nappe aeration for half-round labyrinth weirs is presented, which includes artificial 
aeration by vents and by nappe splitters. Finally, nappe interference, as presented by Indlekofer and 
Rouvé (1975), was evaluated (relative to the experimental data) to determine the potential 
applicability to labyrinth weirs. 
 
Questions and answers: 
The first question was ‘what is the most efficient angle of the openings obtained during this 
research? Brian Crookston replied that 8° found to be the most efficient angle, nevertheless it 
highly depends upon the side conditions. Then the speaker was asked about that why he had 
focused on trapezoidal shapes. He explained that this kind of shaping had given them better results 
comparing with rectangular ones that have angle effects. The next question came after: what about 
circular shapes. Professor Blake P. Tullis explained that this could act as an efficient alternative but 
it faces construction problems.  
The other question was raised about whether there are currently any available standard profiles for 
engineering applications. Brian Crookston said that the results of this work and future works would 
hopefully lead to some basic geometry that would be included in the publications for engineering 
uses. 
The last question was asked about the installation or construction issues. The authors explained that 
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engineering creativity will be needed for this. 
 
Rapporteur's appreciation:  
The study has viewed from different angles. The results have been well validated applying to other 
experimental results. 
Very good PowerPoint presentation style, good pace, but the speaker is advised to speak louder and 
use body language. 
 
3RD PRESENTATION 
Title: Hydraulic behaviour of Piano Key Weirs: Experimental approach 
Author(s): Olivier Machiels, Sébastien Erpicum, Pierre Archambeau, Benjamin 
Dewals, Michael Pirotton 
Speaker: Olivier Machiels 
 
Brief description of author(s) approach: 
This paper aims to fill the gaps of information about The Piano Key Weirs (PKW) that has been 
recently given much attention in dam engineering. In this study an experimental research is set up 
to investigate the flow behaviour on large PKW scale models, before a geometric parameters effect 
analysis on models with variable geometries. These studies should enable to define efficient and 
scientifically based design rules. This paper presents the mean results and observations obtained 
from experiments lead on a large scale model of PKW. The hydraulic behaviour of the structure is 
clarified based on measurements of water depths, pressures, velocities and discharges on each part 
of the weir. 
 
Questions and answers: 
First question was to explain about the materials used for building the model. Olivier Machiels 
explained that the PVC pieces with 2 cm thickness were used, as this structure found to be efficient 
to avoid the side effects. Afterwards the discussion turned to the numerical model of this physical 
model, as the speaker explained, aiming to validate the experimental model. He explained that for 
the initial study attempts were made to set up a one dimensional model based upon water surface 
boundary conditions. He said that the model worked to reach 5 percent accuracy that is interpreted 
to be of laboratory errors. Moreover, he explained that a 3D model is being set up by another group 
at the universities of Delft and Leuven, but for the time being the 1D model has given them 
reasonable results. 
 
Rapporteur's appreciation:  
High class of research approach. The authors are advised to provide clearer figures and pictures in 
the final paper. 
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HYDRAULIC STRUCTURE PHOTOGRAPHS 
 
Fig. HS09 - Barriga dam stepped spillway model (1/25 undistorted scale) (Portugal) on 5 Sept. 
2006 (Photograph H. CHANSON) - Note the road culvert structure downstream of the stilling basin 
 
 
Fig. HS10 - Alqeva dam spillway and outlet model (1/65 undistorted scale) (Portugal) on 5 Sept. 
2006 (Photograph H. CHANSON) - The Alqeva dam were visited during the field trip of the First 
International Junior Researcher and Engineer Workshop on Hydraulic Structures (IJREWHS'06) 
3rd International Junior Researcher and Engineer Workshop on Hydraulic Structures, IJREWHS'10, R. JANSSEN 
and H. CHANSON (Eds), Hydraulic Model Report CH80/10, School of Civil Eng., The University of Queensland, 
Brisbane, Australia - ISBN 9781742720159 
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Session Report 
 
SESSION NO. TS2A 
Chairman: Brian M. Crookston 
Rapporteur: Nils B. Kerpen 
Advocatus diaboli: Thomas Mohringer 
Session speakers: Helena Nogueira, Gints Jaudzems and Farhad Nazarpour 
 
1ST PRESENTATION 
Title: Bridge piers in mobile beds: visualization and characterization of the 
flow in the scour hole 
Author(s): Helena Nogueira, Màrio J. Franca, Rui M. L. Ferreira 
Speaker: Helena Nogueira 
 
Brief description of author(s) approach: 
In the presentation laboratory results of the flow inside a scour hole formed around a wall-mounted 
emerging cylinder of vertical axis (downflow, horseshoe vortex) was presented and discussed. PIV 
technique was used for the visualisation to identify the most relevant parameters in the flow. Pepper 
and safran were used as tracers. Recently the characterization of the turbulent flow in front of the 
bridge pier was shown. It was seen that the downflow upstream the cylinder plays a major role in 
the mechanism of local sour. The shape of the scour is influenced by the horseshoe vortex, the 
downflow and small vortices.  
 
Questions and answers: 
How to get a smooth pepper mixture? Put the pepper mixture in a bucket and then directly in the 
inlet. 
Only the area in front of the pile was studied. Horizontal critical velocities decrease because of the 
horseshoe vortex. The Dynamic Studio software was used for PIV measurements. Geometry 
changes of the pile will influence the vortices. Biggest problem during the PIV measurements was 
the oscillating water surface → solved by covering the water surface with a transparent paper. 
The horseshoe vortex was measured after 5 minutes because after this time the hole gets too deep 
for the camera. 
 
Rapporteur's appreciation:  
Interesting research and very smart ideas during the implementation (natural seeding and covered 
water surface)! 
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2ND PRESENTATION 
Title: Equilibrium Depth of Scour at Elliptical Guide Banks in Plain Rivers 
Author(s): B. Gjunsburgs, G. Jaudzems & E. Govsha 
Speaker: Gints Jaudzems 
 
Brief description of author(s) approach: 
The presentation emphasizes that elliptical guide banks are used to give the flow and sediments 
through the bridge openings. Up to now no investigations to scour at the elliptical guide banks can 
be found in the literature because of the complexity of the phenomena. In this study a formula for 
determining the local velocity at elliptical guide banks is proposed and confirmed by tests. It is 
shown that the equ9ilibrium depth of scour depends on the contraction rate of the flow, Froude 
number, grain size of the bed material, local velocity, shape of the guide banks, water depth, angle 
of flow and the slope of the side wall. The conclusion was that the formula can be used at the design 
stage for ensuring the stability and safety of the guide bank in the period of maintenance. 
 
Questions and answers: 
A question to the grain size could be answered to d = 0.24 to 1.0 mm. The coefficient β = 0.8 was 
evaluated because of the Reynolds number; the vortex structures and found by previous studies of 
Prof. Gjunsburgs.  
In the round table discussion many questions according to geometry details of the guide bank were 
asked. The scoring depends on this geometry. Gints will add a detailed sketch of the geometry to 
the final paper. 
The equilibrium depth of the scour after 4 days was extrapolated by the studied formula. The results 
fit with the results of physical tests during the first seven hours. The sour depth after these seven 
hours was calculated (based on the formula). It would have been nice, if some measurements after 
one, two, three and four days would have been added to this calculation to compare the equilibrium 
depth from the formula. 
 
Rapporteur's appreciation:  
The main idea of the topic was not clear to me during the presentation (but in the round table 
discussion). May be you can give some more details about the structure (sketch) and the main idea 
in one of your next presentations to this topic. But nice research. 
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3RD PRESENTATION 
Title: Microscopic investigation to protect souring effect around marine 
structures 
Author(s): Farhad Nazarpour, Torsten Schlurmann 
Speaker: Farhad Nazarpour 
 
Brief description of author(s) approach: 
The presentation was about investigations of scouring problems around wind turbines’ piers that are 
to be installed in offshore. The main goal was a wherever applicable complete prevention of the 
scouring phenomena and less the research on an existing scour at the structure. The aim should be 
achieved by adjoining a circular disk to the pier. The disk should decrease the boundary layer 
thickness and delay the flow separation and result in smaller vortices to protect the river bed. 
A numerical model was investigated with the software ‘open foam’. First results show an advantage 
of the adjoining disk that reveals a thinner boundary layer upstream the cylinder (smaller sheer 
stresses). 
 
Questions and answers: 
Further studies are planned (disks’ geometry, size and position). The numerical model will be 
validated by PIV measurements in a physical model.  
The position of the disc over the ground depends on the development of the boundary layer.  
Some graphs and results from the actual work will be added to the final paper. 
 
Rapporteur's appreciation: 
A short physical model test would be interesting to see if the main idea of the disk will work or not. 
If it is not working there will be new ideas just by the optical observation of the current/wave 
interaction. Good luck for further creative investigations! 
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HYDRAULIC STRUCTURE PHOTOGRAPHS 
 
(A) Wallaby in front the low-water reservoir 
 
 
(B) Dry section of the reservoir 
Fig. HS11 - Wivenhoe reservoir (Australia) on 13 June 2007 during a severe drought (Photograph 
H. CHANSON) - Reservoir capacity: 16%, Lake level: 51.30 m AHD, Volume stored: 188,935 ML 
- The reservoir is a multi-purpose storage and the largest water supply for the City of Brisbane 
3rd International Junior Researcher and Engineer Workshop on Hydraulic Structures, IJREWHS'10, R. JANSSEN 
and H. CHANSON (Eds), Hydraulic Model Report CH80/10, School of Civil Eng., The University of Queensland, 
Brisbane, Australia - ISBN 9781742720159 
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Session Report 
 
SESSION NO. TS2B 
Chairman: Mario Oertel 
Rapporteur: Aysha Akter 
Advocatus diaboli: Daniel Bung 
Session speakers: Silvia di Francesco, Francois Kerger 
 
1ST PRESENTATION 
Title: Mesoscopic Modeling of Dam-break Flows 
Author(s): S. Di Franscesco, C. Biscarini, P. Manciola 
Speaker: Silvia Di Franscesco 
 
Brief description of author(s) approach: 
The presentation is about the development of a numerical model for a free surface (dam-break) flow 
using the Lattice Boltzman method while the macroscopic fluid dynamics is solved through a 
mesoscopic kinetic approach in which all details of molecular motion are removed except mass, 
momentum and energy conservation. The main advantages are the simplicity in modeling complex 
geometries and the computational efficiency. 
Comparisons of two dimensional free surface dam-break flows show good results for flow wave 
propagation times and depth. A Dam-break scenario in a box with an arranged obstacle is carried 
out as an example test case.  
 
Questions and answers: 
The questions have been about the used numerical code, which is not an open access code. For the 
numerical model comparisons the experimental data by Whitham (1974) are used. So far the code, 
which is written in Fortran, is applicable for one-phase flows only.  
Fig. 12 illustrates the arrival time of the reflected dam break wave. The developed model includes a 
delay of the reflected wave at a defined point, which cannot be explained in detail. The author 
assumes that this effect is caused by the used turbulence model. Other reasons could be found in  
• temperature (viscosity), 
• different scales in model and experiment, 
• the opening mechanism of the gate. 
The author plans to carry out real dam break simulations (data is needed), backwater and debris 
flow calculations in future.  
In Figure 6, the data set might be wrong, because at the end the graph steps back in time. This has 
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to be checked.  
 
Rapporteur's appreciation:  
The presented paper shows a very well developed model for dam-break scenarios. In the final paper 
the deviations in time concerning the arrival time of the reflected waves has to be explained in 
detail. Also the error in Figure 6 has to be analyzed.  
 
2ND PRESENTATION 
Title: Transport of Dispersed Phase in Civil Engineering: How to unify the 
Mathematical Description? 
Author(s): F. Kerger, B.J. Dewals, P. Archambeau, S. Erpicum, M. Pirotton 
Speaker: Francois Kerger 
 
Brief description of author(s) approach: 
The presentation is about the development of multiphase models to improve accuracy and unify the 
mathematical descriptions of transport phenomena. The drift-flux theory is proven to constitute an 
adequate alternative to RANS equations in order to derive mid- and large-scale free-surface 
multiphase models. In particular, an original one-dimensional drift-flux model for free-surface 
flows is derived to address the specific problems arising in civil and environmental engineering. 
 
Questions and answers: 
Questions were about the possibility to use the developed analytical/mathematical approach for 
numerical calculations. The author answered that in the future numerical methods can/will be 
included for calculations. In general, this approach is developed for the description of steady and 
unsteady two-phase flows (air in water, sediment transport). 
A main question was about the limitations. In the presented 1-D-model vortices are ignored which 
might lead to unrealistic results in special cases. 3D simulations will be necessary.  
About the future plans the author mentioned model validations with real data sets – maybe from 
literature – to test the model performance. So far a validation has not been carried out. Moreover, 
the approach should be extended to two-dimensional and three-dimensional problems and 
pressurized flows. 
 
Rapporteur's appreciation:  
The paper presents a three-dimensional description of the interactions between water and a 
dispersed phase (such as sediment and air). In comparison to classical models, consisting of a 
combination of St-Venant equations and a coupled transport model, this drift-flux model promises 
to describe multiphase flows in a more accurate way. However, validation with experimental or 
field data is essential. 
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and H. CHANSON (Eds), Hydraulic Model Report CH80/10, School of Civil Eng., The University of Queensland, 
Brisbane, Australia - ISBN 9781742720159 
 
179 
 
Session Report 
 
SESSION NO. TS3A 
Chairman: Ines Meireles 
Rapporteur: Michele Palermo 
Advocatus diaboli: Silvia Di Francesco 
Session speakers: Heinz Georg, Kerpen Nils, Martins Ricardo 
Other participants: Bung Daniel, Oertel Mario, Tullis Blake 
 
1ST PRESENTATION 
Title: Investigation on a cooling water system for a gas turbine facility 
concerning air vortexes and sediment transport 
Author(s): G. Heinz, M. Oertel, D. Bung 
Speaker: Georg Heinz 
 
Brief description of author(s) approach: 
This paper reports the results of an investigation on a cooling water system model whose scale is 
1:10. The tests are based on the Froude scale model theory. The Authors modelled one of the three 
pumps sumps of the cooling water pumping system of Linden, in which both a primary and a 
secondary cooling water pumps are present. The modelling of the phenomenon was necessary as in 
the stated case the pumps are asymmetrically arranged and a non uniform flow condition occurs. 
The experimental tests showed that high turbulent flow conditions occurs when both the pumps are 
in service and air vortexes can take place when the water level decreases. They proved that for the 
design operating state of both the pumps and in the case of a minimum water level a safe and 
correct functioning can be obtained. Moreover they observed that the system is very sensitive to 
low water levels. Thus in the case of minimum water level, a small splitter or a guide cone in the 
field of the secondary cooling water pump can be used to avoid air entry. Finally they furnished 
indications for a favourable sedimentary extraction. 
 
Questions and answers: 
During both the presentation and the round table, several interesting observations and questions 
were proposed by participants. The Speaker was asked if he investigated the submerged vortex 
activity. He answered that a description was done by visual observation. Another interesting 
question concerned Re scale effects. It was précised that in this case a Fr similitude was used 
because of fully developed turbulent conditions. Moreover, the Speaker told that in the proposed 
model a direct evaluation of Re number cannot be done. Finally he was asked to explain how and 
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where he measured the velocity. He replied that velocity measurements were taken by using a 
velocity meter and just outside the pipe. 
 
Rapporteur's appreciation:  
I appreciated the study proposed by the Authors. I found that the paper is well researched and 
organized and all the points were correctly illustrated by the Authors during both the presentation 
and the round table. 
 
2ND PRESENTATION 
Title: Study of circular inlets discharge using a scaled model 
Author(s): R. Martins, J. Leandro, R.F. Carvalho 
Speaker: Ricardo Martins 
 
Brief description of author(s) approach: 
This paper aims to propose a model case study useful to validate drainage models. The Authors 
modelled the drainage system in an ideal road in which 6 manhole inlets (in two rows) and a 
downstream weir were reproduced. They proved that even if the modelled geometry is simple the 
flow mechanics is quite complex. They measured the flow characteristics by using both ADV and 6 
WRP located in the flume. Moreover, they verified the flow in the main channel by both a 
volumetric and velocity methods. Three different inlets configurations were tested: all six inlets 
open; 4 exterior inlets open; and central inlets open. It was observed that the inlet coefficients 
depend on the location of inlets, the water depth atop and turbulence. Finally they proposed a 
relationship to estimate the weir discharge coefficient as function of the water depth. 
 
Questions and answers: 
During both the presentation and round table some questions were proposed by the participants. 
Firstly it was asked which practical benefits can be obtained by the conducted study. The speaker 
answered that the result can be applied in urban drainage, also for validation of models. Another 
question regarded the inlet discharge coefficients. It was asked if the coefficients values found in 
the modelled configurations are comparable with those present in literature. It was précised that 
they depend on several parameters and in the present study the Authors found that they are 
different. Finally, a discussion on the level of uncertainty in experimental tests was proposed by one 
of the participants. It was said that each conditions was reproduced 3 times in order to assure the 
maximum accuracy. It was suggested that this clarification is important and has to be included in 
the revised paper. 
 
Rapporteur's appreciation:  
The paper presents an analysis of an interesting topic for hydraulic engineers. The results obtained 
in laboratory can be useful for practical applications. The oral presentation was clear and the 
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questions proposed by the participants were well addressed during the round table. 
 
3RD PRESENTATION 
Title: Physical model investigations of ships passing through a lock 
Author(s): N.B. Kerpen, D. Bung, T. Schlurmann 
Speaker: Nils Kerpen 
 
Brief description of author(s) approach: 
In this paper an analysis of the hydrodynamic processes occurring during ships passing through a 
lock is conducted using a large scale physical model. The harbour "Industriehafen" in the city of 
Bremen was modelled in a scale 1:52 according to Froude's similitude. The aim of the study was to 
analyze in detail the forces generated by the water flow around the ship hull varying both the ship 
geometry (3 geometries were tested) and navigational speed. The measurements of hydraulic 
parameters were taken for three significant ship positions. The Authors controlled the discharge and 
measured the water level differences between the outer harbour and the lock chamber. Based on the 
experimental investigations, they concluded that the water level difference between the lock 
chamber and the outer harbour influences the forces acting on the ship hull. Furthermore, they 
introduced a non-dimensional parameter Ablock (i.e. ratio between ship's and gate's cross-sectional 
areas) proving that if it exceeds a critical value the ship passage through the lock gate is impossible. 
 
Questions and answers: 
During the presentation and the round table mainly two points of discussion were proposed by the 
participants. Firstly, it was asked if there is any influence of the outer harbour water level on the 
ships passing. The answer was that the outer water level can have only a local influence but not so 
significant. Moreover, the Author was asked to precise the aim of the proposed study. He explained 
that the main interest is to know which ship typology can navigate in the harbour and for which 
conditions. Thus he précised that the aim of the work is not to change the lock chamber 
characteristics. 
 
Rapporteur's appreciation:  
The paper seems well researched. The model which was built in the laboratory was clearly 
illustrated during the presentation and the questions proposed by the participants correctly 
addressed. Further investigations are required for other ship geometries. 
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HYDRAULIC STRUCTURE PHOTOGRAPHS 
 
(A) General view with flow direction from background right to foreground left 
 
 
(B) Surfer riding the jump roller 
Fig. HS12 - Surfing a hydraulic jump in English Garden, Münich (Germany) on 7 June 2009 
(Courtesy of Jesper NIELSEN) 
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Session Report 
 
SESSION NO. TS3B 
Chairman: Francois Kerger 
Rapporteur: Iacopo Carnacina 
Advocatus diaboli: Olivier Machiels 
Session speakers: João Nuno Jacob, Thomas Mohringer 
Other participants: Helena Nogueira, Greg Paxson, Rami Malki, Farhad Nazarpour, Brian 
Crookston, Jorge Matos, Gints Jaudzems, Daniel Bung 
 
1ST PRESENTATION 
Title: Building an hydrological model in HEC-HMS supported by GIS tools 
to provide hydrographs upstream hydraulic structures - The case of 
Aljezur basin 
Author(s): João Nuno Jacob, Rita Fernandes de Carvalho, Luís David, Nuno 
Charneca 
Speaker: João Nuno Jacob 
 
Brief description of author(s) approach: 
This paper presents a procedure implemented to build and model the Aljezur river basin (Portugal) 
and the implementation into existing commercial software such as HEC-HMS, in order to get 
hydrographs for any section of the basin. The algorithm presented (deterministic Node-8) is based 
on the analysis of the topographic elevation. The Authors included a specific procedure for the 
automatic generation of the hydrographic network based on the surface DEM, which also included 
the reconditioning of the generated network based on field and GIS information. The authors 
indicate a drainage area threshold of 1% is suitable to correctly asses the hydrographic network. 
Moreover, was implemented the Soil Conservation Service Curve Number method for the soil 
characterisation. The model also automatically generates the sub-basin based on the streamline 
definition. Finally the model obtained has been implemented.  Future data processing is suggested 
for calibrating the model. 
 
Questions and answers: 
During the round table session several points of interest have been explored. Pre-saturation of the 
soil: defined the normal conditions of the soil AMC-II. Moreover a specific classification for 
Portuguese soil has been performed. Some clarification on the methodology (lag-time method) and 
the hydrological data used (a spatially uniform rain has been tested based on the IDF curves of a 
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single rain gauge located on the Monchique mountain) have been specifically addressed. Gauge 
installation will be further provided for the model calibration. Participants also suggested keeping 
in consideration others schemes for the algorithm for the stream definition. 
The participants acknowledge the efficiency of the methodology proposed in case of flood 
regulation dam presence, which is one of the aims of the presented methodology. Attention on the 
use of the acronyms should be considered to improve the paper readability. During the round table, 
the Author pointed out the necessity to test the sensitivity of the model on the definition of the sub-
basin density, in order to optimize the model proposed. The authors acknowledge the necessity to 
add in the conclusion the future expectations and approaches. He also acknowledges and intended 
retrieving data from an installed experimental gauging system for the validation and the calibration 
of the proposed methodology, as, until now few hydrological data are available. 
 
Rapporteur's appreciation:  
During the presentation the aims and the structure of the work has been carefully prepared (even to 
much complete). The comparison between the efficiency in predicting the stream network with that 
available in military maps and the sensitivity of the model to the change in the drainage area 
threshold present some interesting insight. 
I have really appreciated the effort for the implementation of DEM for evaluating the hydrographic 
network and for the prediction of the hydrological features, as it seems a big challenge in the future 
for the development of real time flood predictions tools. 
 
2ND PRESENTATION 
Title: Outlet Structures of Large Pumped-Storage Power Stations 
Author(s): Thomas Mohringer, F. Nestmann 
Speaker: Thomas Mohringer 
 
Brief description of author(s) approach: 
The paper presents an experimental approach on the pressure recovery efficiency of pumped-
storage power station outlet-inlet approach. Basically, the study aims to analyze the efficiency of 
structural piles inserted at the outlet structure. During the presentation, the authors first proposed a 
brief literature introduction on the performance of diverged outlet structures and the stall condition 
linked to the dimensions aspect of the structure. Successively, the author presented the experimental 
apparatus and the outlet geometry tested. Basically, the Authors experimentally examined the outlet 
efficiency in terms of pressure recovery. Tests have been performed shifting the position of a centre 
pile in the outlet structure and analyzing the stall condition. Two new stall conditions can be 
observed. Results show that a higher performance can be obtained for a distance of the pile from the 
diversion of 0.3 m. Finally ADV measurements of the velocity field and turbulence structure at the 
outlet have been performed. In the presentation, a comparison with numerical models has been 
performed. 
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Questions and answers: 
The participant argued on the methodology adopted for the ADV measurements have been issued 
during the presentation and on the algorithm used for the numerical solution and the similitude 
adopted. The author explain that averaged velocity field measurement relates to 150 seconds 
samplings and acknowledge the necessity for include in the paper that a comments on the sampling 
accuracy should be added. The numerical solution is based on Flow3D simulation using LES. As 
the flow was fully turbulent, a Froude similitude has been preferred. Other questions related to the 
tested shapes and if, in the experimental program, the Authors intended to test both new outlet 
shapes and different pile shapes The round table also argued on the efficiency of the structure in 
terms of pressure recovery seems to be independent from the inflow velocity. Moreover, some 
interesting details and comments have been made by the author on the strange behaviour observed 
on prototype structure and on the importance on a correct assessment and analysis of the flow 
pattern in order to prevent unexpected situations and reduce the economical impact of the design.  
Furthermore, measurements with laser Doppler anemometer will be performed, in order to analyze 
the flow structure. The Author finally acknowledges the necessity to include the detail for the 
structure efficiency also in terms of energy dissipation. 
 
Rapporteur's appreciation:  
As a matter of fact, the importance of a correct and efficient power storage policy still attract the 
research interest. The effort in providing some good design guideline for important intakes 
structures remains one of the biggest challenges. In particular the proposal to analyse the flow 
structures by means of new measuring method is really attractive and could lead to important 
indication on a best performance design of outlet structure. 
 
OVERALL RAPPORTEUR'S APPRECIATION: 
Generally, I have found a larger participation to the roundtable by all the participants. Differently 
from the second IJREWHS, I have found that the reduced number relative to each session has 
helped all the participants to the round table to focus better on the topic presented in each session. 
Several questions arise from each participant, which, I think, really contribute to the improvement 
of the work and to better clarify each topic analysed. In conclusion, I suggest to maintain a limited 
number of paper for each session (maximum 3) to maintain the efficiency of the round table. 
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